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Autophagy
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Autophagy is a catabolic process that functions in recycling and degrading cellular proteins, and is also induced as
an adaptive response to the increased metabolic demand upon nutrient starvation. However, the prosurvival role of
autophagy in response to metabolic stress due to deprivation of glutamine, the most abundant nutrient for mammalian
cells, is not well understood. Here, we demonstrated that when extracellular glutamine was withdrawn, autophagy
provided cells with sub-mM concentrations of glutamine, which played a critical role in fostering cell metabolism.
Moreover, we uncovered a previously unknown connection between metabolic responses to ATG5 deficiency and
glutamine deprivation, and revealed that WT and atg5~- MEFs utilized both common and distinct metabolic pathways over
time during glutamine deprivation. Although the early response of WT MEFs to glutamine deficiency was similar in many
respects to the baseline metabolism of atg5”~ MEFs, there was a concomitant decrease in the levels of essential amino
acids and branched chain amino acid catabolites in WT MEFs after 6 h of glutamine withdrawal that distinguished them
from the atg5”- MEFs. Metabolomic profiling, oxygen consumption and pathway focused quantitative RT-PCR analyses
revealed that autophagy and glutamine utilization were reciprocally regulated to couple metabolic and transcriptional
reprogramming. These findings provide key insights into the critical prosurvival role of autophagy in maintaining
mitochondrial oxidative phosphorylation and cell growth during metabolic stress caused by glutamine deprivation.

Introduction of induced autophagy allow them to adapt to the starvation by

degrading cellular constituents. Autophagy-deficient yeast and

Macroautophagy (referred to hereafter as autophagy) is an evolu-
tionarily conserved cellular process that is activated in response
to low nutrient availability to provide building blocks for mac-
romolecule biosynthesis.»? Emerging data suggest that basal and
induced autophagy play two distinct roles in metabolism.?¢ In
nutrient-rich conditions, autophagy occurs constitutively at low

levels. However, when cells are starved of nutrients, high levels
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mice display lower intracellular levels of amino acids than their
wild-type (WT) counterparts during starvation, supporting the
idea that autophagy plays a “dual role™: (1) it results in consump-
tion of cellular components for homeostasis; and (2) it promotes
cell survival under metabolic stress.”®

Most mammalian cells in culture require supraphysiologic
levels of glutamine for high rates of glycolysis and optimal
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growth.”® Glutamine is a nonessential amino acid (NEAA) that
can be converted to a-ketoglutarate, a TCA cycle intermediate,
through glutaminolysis.” When both glucose and glutamine are
available, a significant fraction of cellular energy demands, from
40% for normal diploid fibroblasts up to 70% for HeLa cells,
is provided by glutamine. In tumor cells, most of the glucose is
metabolized to lactate even in the presence of oxygen, and ATP
is generated during glycolysis to meet the intracellular energy
demand, termed the “Warburg effect.”"® The combined utiliza-
tion of glucose and glutamine provides biochemical precursors to
support the biosynthesis of nucleotides and certain NEAAs, such
as alanine and aspartate, which are catalyzed by alanine amino-
transferase and aspartate aminotransferase, for cell growth and
proliferation. In addition, glutamine is involved in the forma-
tion of glutathione, which is the major thiol-containing, endog-
enous antioxidant required for maintenance of the cellular redox
balance. Glutamine generates glutamate, which together with
cysteine and glycine, is required for glutathione synthesis and it
also metabolically increases the intracellular level of NADPH,
which is used by glutathione reductase to reduce oxidized glu-
tathione to glutathione.® Many cancer cells display high rates of
glutamine use to support mitochondrial oxidative phosphoryla-
tion and to provide metabolic intermediates, thus exhibiting “glu-
tamine addiction.”!®
anaplerotic reaction to replenish TCA cycle intermediates, simul-
taneously producing NADPH and ammonia.®'® Recently, Eng
et al., demonstrated that ammonia from glutaminolysis induces

For example, glutaminolysis initiates an

autophagy.” Furthermore, glutamine efflux is required for
MTOR activation and subsequent protein synthesis.?” Although
autophagy is viewed as a mechanism that contributes basic com-
ponents to sustain metabolic function during starvation or stress,
how autophagy participates in or regulates metabolic responses
to glutamine depletion is currently unclear. Regardless, the con-
tribution from autophagy to various metabolic pathways also
remains largely unclear.

Among more than 20 autophagy-related (ATG) proteins,
ATGS is an integral part of the autophagy machinery, as is the
ATG5-containing complex (ATG12-ATG5-ATGI16L1). This
complex catalyzes the conjugation of the C-terminal Gly of
ATGS to phosphatidylethanolamine (PE) via ATG3 to promote
incorporation of ATG8-PE (MAP1LC3B) into autophagosomes,
thereby allowing autophagosome closure and cargo recruitment.!
Knockouts of the Azg5 gene lead to ablation of ATG5-dependent
autophagy.”? Given the prominent role of both glutamine and
autophagy in maintaining energy and biosynthetic intermediate
levels, we hypothesized that one of the critical biological functions
for autophagy is to supply glutamine to fuel cell metabolism. To
test this hypothesis, we examined the metabolomic profiles and
oxygen consumption in responses to glutamine deprivation using
WT and azg5~~ MEFs. Our data suggested that the baseline
metabolism of azg5~~ MEFs was in many respects to the early
response of WT MEFs to glutamine deprivation. Moreover, real-
time RT-PCR analyses uncovered the coordinated regulation
of the mRNA levels of key enzymes involved in energy genera-
tion in WT MEFs subjected to acute glutamine deprivation and
atg5”~ MEFs in full medium. Taken together, these studies
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provide novel insights into the role of autophagy in regulating
oxidative phosphorylation through coupled metabolic and tran-
scriptional reprogramming.

Results

WT and azg5~~ MEFs have distinct basal metabolite profiles.
Both autophagy and extracellular nutrients play a critical role in
providing cells with glutamine to foster proliferation. To under-
stand the metabolism affected by glutamine deprivation via
either autophagy inactivation or depletion of the extracellular
source, we subjected WT and Azg5-null MEF cells to an unbiased
metabolomics analysis at 0, 6 and 24 h after glutamine removal.
Using the Metabolon mass spectrometry-based global biochemi-
cal profiling platform, we identified 204 biochemical compounds
for further statistical analyses. After normalizing with cell num-
bers, we found that the basal levels (0 h) of 82 biochemical com-
pounds in azg5~~ MEFs were significantly different to those in
WT MEFs; 69 were increased and 13 decreased compared with
WT MEFs (p < 0.05, Table S1). Almost all 82 compounds were
key metabolic intermediates, suggesting that autophagy inactiva-
tion by Azg5 knockout (data shown later) elicits a global change
in various biosynthetic and catabolic pathways in MEFs.

To provide a general framework for understanding the contri-
bution of ATG5-dependent autophagy to metabolism during the
course of glutamine deprivation, a relative abundance heatmap
of 204 metabolites was generated (Fig. 1A; Fig. S1). The double
dendrogram cluster analysis suggested that the basal metabolic
profiles of atg5~~ MEFs (0 h) at full medium resembled those
of WT MEFs at 6 h after glutamine withdrawal. Bioinformatic
analyses confirmed that 8 out of 11 key metabolic parameters
were similar between azg5~~ MEFs in full medium and WT
MEFs at 6 h post glutamine withdrawal (Fig. 1B). Specifically,
the decrease of most nonessential amino acids (NEAAs), altered
lipid metabolism, enhanced nucleotide metabolism, and elevated
polyamine synthesis were common changes shared by the pro-
files of azg5~~ MEFs at base line (0 h) and WT MEFs subjected
to glutamine depletion (6 h). In contrast, 6 out of the 11 meta-

bolic parameters examined in WT and azg5~"~

cells, compared
with their respective metabolic status prior to glutamine depriva-
tion, were changed in opposite direction at 6 h after glutamine
deprivation. The heatmap of selected metabolites in g5~ and
WT MEFs (Fig. 1C) confirmed the trend shown in Figure 1B
that at 6 h post glutamine withdrawal azg5~~ cells reversed many
of the metabolic changes induced by the ATGS5 ablation. Taken
together, our data suggest that the early response of the metab-
olism of WT MEFs to glutamine deprivation is similar to the
effect of autophagy impairment on the metabolism of MEFs.
The effects of glutamine deprivation are distinct, or opposite, in
WT MEFs compared with Azg5-null MEFs (Fig. 1B), suggest-
ing that the response to glutamine deprivation is determined by
autophagy.

Key metabolic signatures of WT and azg5~~ MEFs during
glutamine starvation. To extend our observations, we compared
the levels of a number of metabolites in azg5~~ and WT MEFs at
different time points of glutamine starvation (Figs. 2, 3 and 4).
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Figure 1. Metabolomics profiling of atg57~ MEFs in full medium is similar to that of WT MEFs after 6 h of glutamine deprivation. (A) Double dendro-
gram cluster analyses defining the effect of glutamine deprivation on metabolic intermediates by comparing biomolecule levels in sample sets shown
in Figure S1. (B) Compendium of global metabolic profiling. Red 1, increasing level; Green |, decreasing level; -, no difference. (C, upper panel) Hier-
archical cluster analysis examining selected biomolecules selected from Figure S1. (Lower panel) Heatmap profile of putrescine, glutamine, reduced
and oxidized glutathione, phosphoethanolamine, PRPP, spermine and spermidine in WT and atg5~~ MEFs after glutamine withdrawal (6 and 24 h).

(B and C) Signal fold change was normalized to 0 h WT (0 h) as 1. All data points were log, transformed and used to calculate the Self-Organizing Map.
Transformed fold changes are shown in green (decreasing) and red (increasing).
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Figure 2. Autophagy deficiency leads to higher intake of EAA and reduced EAA levels under glutamine depletion. WT and atg5”~ MEFs were grown

in serum-supplemented DMEM without glutamine for 0, 6 and 24 h in five replicates. Relative quantification of (A) histidine, (B) isoleucine, (C) leucine,
(D) lysine, (E) methionine, (F) phenylalanine, (G) threonine, (H) tryptophan and (I) valine was performed, and the relative levels were determined by
setting the levels in non-treated WT MEFs as 1. *p < 0.05; **p < 0.01; ***p < 0.001; GIn, glutamine; n = 15.

We found that the basal levels (0 h) of the nine essential amino
acids (EAAs), except lysine, were higher in the az¢5~~ MEFs than
WT MEFs (Fig. 2). However, at 6 h after glutamine withdrawal,
the levels of all 9 analyzed EAAs were significantly lower in the
atg5~~ MEFs than their respective 0 h levels, whereas except for
lysine, the levels of the EAAs, in WT MEFs did not exhibit a
significant decrease (Fig. 2). The different responses of the EAA
levels to 6 h of glutamine starvation in WT MEFs and azg5"~
MEFs raised the possibility that the WT and mutant cells could
be using different pathways to maintain EAA levels. To inves-
tigate this possibility, we examined the steady-state levels for
catabolites of the branched chain amino acids (BCAAs: leucine,
isoleucine and valine), isovalerylcarnitine, isobutyrylcarnitine
and 2-methylbutyroylcarnitine. Clearly, these catabolites also
exhibited the same, opposite trends in WT and azg5"~ MEFs
at 6 h post glutamine withdrawal as those of the EAA (Fig. 3).
The observed transient decrease in EAAs and BCAA catabolites
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appears to represent a characteristic response to glutamine depri-
vation in atg5~~ MEFs.

Consistent with the notion that autophagy provides a supply
of free amino acids via proteolysis, the basal intracellular glu-
tamine level was lower in az¢5~~ MEFs than in WT MEFs in
full medium (Fig. 4A).”* As expected, when we compared their
respective responses to glutamine starvation, the glutamine lev-
els became almost undetectable in both cell types by 24 h. To
ensure that the intracellular glutamine level was affected by
ATGS level, we tested the response of m5-7 cells, an isogenic
atg5~~ MEF line that stably expresses an inducible, tetracycline-
off Atg5 construct,” to glutamine withdrawal in the presence and
absence of doxycycline (Dox, 20 ng/ml). A significant decrease
of the intracellular glutamine level was observed in m5-7 cells
(Fig. S2A, left panel, column 4 vs. column 1) when Dox was
added to turn off ATGS expression (Fig. S2A, right panel). In
addition, Dox-treated “ATG5-off” m5-7 cells exhibited lower
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eventually impaired protein synthesis,

thereby increasing glutamine levels
in glutamine-deprived azg5~~ MEFs.
However, the suggestion that com-
promised autophagy impedes protein

Figure 3. Glutamine withdrawal and autophagy deficiency increase BCAA catabolism. Cell prepara-
tion, relative quantification and data analyses were performed as described in Figure 2. Profiles of
leucine metabolites: (A) 4-methyl-2-oxopentanoate and (B) isovalerylcarnitine; isoleucine metabolites:
(€) 3-methyl-2-oxovalerate; valine metabolites: (D) isobutyrylcarnitine; (E) 3-methyl-2-oxobutyrate
and (F) 2-methylbutyroylcarnitine. *p < 0.05; **p < 0.01; ***p < 0.001; GIn, glutamine; n = 15.

synthesis to increase glutamine levels
cannot fully explain the accumulation
of EAAs in atg5~~ MEFs, as the levels of NEAAs in the same
cells were lower than those in WT cells (Fig. S3A).

Because y-glutamyl amino acids are an intermediate of amino
acid transport into cells and are converted into their respec-
tive amino acids by y-glutamyl cyclotransferase, we analyzed
the levels of four y-glutamyl amino acids: y-glutamylleucine,
v-glutamylisoleucine, y-glutamylthreonineand y-glutamylvaline.
All four y-glutamyl amino acids accumulated in azg5~~ MEFs at
6 h after glutamine depletion (Fig. S3B). The levels of several
metabolites also changed at 6 h after glutamine deprivation, but
some of these changes were not statistically significant until 24 h
of starvation. For example, both WT and az¢5~~ MEFs exhibited
reduced levels of pyruvate and intermediates of the TCA cycle,

www.landesbioscience.com
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including fumarate, malate and citrate, after glutamine depletion
(Fig. 4C-F). These reductions were accompanied by an increase
of nicotinamide adenine dinucleotide (NAD*) (Fig. 4G), the
hydrogen acceptor of the TCA cycle. Intriguingly, the NAD*
level was higher in azg57~ MEFs at 6 h than that in WT MEFs
at 6 h (Fig. 4G).

Glutamine is essential for cell proliferation and the main-
tenance of cellular ATP and nucleotide levels. Among these
changes, we further focused on investigating if the presence or
absence of ATGS affected cell proliferation and ATP production
under conditions of glutamine starvation in order to understand
the nature of ATG5-dependent metabolism and to explore its
underlying mechanisms. We first assessed ATP levels in WT and
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Figure 4. Glutamine depletion affects TCA cycle intermediates. Cell preparation, relative quantification and data analyses were performed as
described in Figure 2. Profiles of (A) glutamine, (B) glutamate, (C) fumarate, (D) malate, (E) citrate, (F) pyruvate and (G) NAD are shown. *p < 0.05;

atg5~ MEFs. As we predicted from the lower glutamine level
found in azg5~~ MEFs compared with WT MEFs, the ATD level
detected in azg5~~ MEEF cells is also lower than that detected in
WT cells, and the ATP levels in both cell lines fell upon depletion
of extracellular glutamine (Fig. 5A, left panel). Treatment with
the glycolysis inhibitor 2-deoxyglucose (2-DG), resulted in a sig-
nificant decrease of cellular ATP in WT MEFs (Fig. 5A, right
panel), which was expected because both glucose and glutamine
are major nutrients required for cell growth and proliferation.
However, the effect of 2-DG was not significant in the azg5~"~
MEFs. Addition of methylpyruvate, a membrane-permeant
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metabolic intermediate, partially retarded the ATP decrease in
glutamine-starved WT MEFs, but not in the starved azg5~'
MEFs (Fig. 5A, left panel vs. middle panel). Compared with the
cells grown in full medium, glutamine deprivation inhibited the
proliferation of both WT and azg5~~ MEFs, as did treatment
with 2-DG (Fig. S4A), suggesting that ATG5-dependent auto-
phagy fails to support cell proliferation against extended restric-
tion on glutamine availability or glucose utilization.

We suspected that reduced levels of the antioxidant glu-
tathione (both oxidized and reduced) might account for the
suppression of cell proliferation by glutamine starvation in
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Figure 5 (See previous page). Glutamine depletion inhibits cell proliferation and decreases intracellular ATP levels. (A) ATP levels were reduced by
glutamine depletion. WT and atg5~- MEFs were seeded in complete medium to reach 50% confluence on the day of treatment, and then grown in
serum-supplemented DMEM (without glutamine) in the presence or absence of glutamine (4 mM), 2-DG (10 mM) or methylpyruvate (10 mM) for the
indicated time periods prior to harvesting. ATP assays were performed as described in Materials and Methods. Cell proliferation was inhibited by glu-
tamine depletion and 2-DG treatment. WT and atg57- MEFs were seeded in complete medium to reach 10% confluence on the day of treatment, and
then grown in serum-supplemented DMEM in the presence and absence of glutamine (4 mM) or in the full medium with 2-DG (10 mM) for indicated
time periods. Relative cell proliferation (determined by the cell proliferation assay described in methods) for each treatment was calculated by com-
paring to that at 0 h, set as 1. Results from three independent experiments are shown as mean + SD. The Student’s t-test was performed to determine
the difference between (a) control (24/48 h) and -GIn (24/48 h); (b) control (24/48 h) and 2-DG (24/48 h). (B) Both DM-2-KG and NAC rescued cell prolifer-
ation. WT and atg5”- MEFs were seeded in complete medium to reach 10% confluence on the day of treatment, and then grown in glutamine-deplet-
ed DMEM with DM-2-KG (7 mM), NAC (2 mM), or both. Cell proliferation was assessed by cell proliferation assay. Significance was calculated using the
Student’s t-test between: WT MEFs in GIn(-) (24/48/72 h) and WT MEFs in DM-2-KG/NAC/combination of DM-2-KG and NAC (24/48/72 h); atg5~~ MEFs in
GIn(-) (24/48/72 h) and atg57~ MEFs in DM-2-KG/NAC/combination of DM-2-KG and NAC (24/48/72 h); WT MEFs in NAC (24 h) and atg57~ MEFs in NAC
(24 h). (C) Supplementing with NAC rescues the proliferation of glutamine-deprived cells. Real-time cell proliferation was monitored using an RTCA DP

experiments. *p < 0.05.

Analyzer. The m5-7 cells were maintained in medium without or with Dox to turn off Atg5 expression (right panel). Glutamine was withdrawn in the
presence and absence of NAC supplements and cell growth determined and recorded every 30 min. (D) Minimal glutamine concentration required
to support the proliferation of WT and atg5~~ MEFs. Cell proliferation was determined as described in Material and Methods. Briefly, 5000 cells were
seeded into 96-well plate over night and incubated overnight prior to switching to the medium with indicated glutamine concentration (0, 0.5 and

4 mM), while 4 mM representing the complete medium. Cell viability was determined at 24, 48 and 72 h afterwards and the % relative cell prolifera-
tion was calculated as that of 72 h as 100%. GIn(-), grown in DMEM without glutamine; GIn(+), grown in DMEM with glutamine; DM-2-KG, dimethyl-
2-ketoglutarate; 2-DG, 2-deoxyglucose; NAC, N-acetyl-cysteine; Dox, doxycycline. (A and B) Results are shown as mean + SD from three independent

atg5~ and WT cells (Fig. 1C, lower panel). To test this pos-
sibility, we supplemented both the WT and a#g5~ glutamine-
deprived MEFs with N-acetyl-cysteine (NAC), a precursor for
glutathione. In addition, we assessed the role of glutaminoly-
sis-generated a-ketoglutarate, a key intermediate of the TCA
cycle, in supporting cell proliferation by supplementing with
dimethyl-2-ketoglutarate (DM-2-KG), a membrane-permeable
form of a-ketoglutarate. Although the addition of either NAC
or DM-2-KG reduced cell death under glutamine deprivation
conditions compared with untreated WT cells, the combination
of NAC and DM-2-KG could functionally replace glutamine to
effectively rescue cell proliferation (Fig. 5B). These observations
were further confirmed in m5-7 cells using a real-time growth
monitor system. Although cell growth was not affected by the
addition of Dox to turn off ATG5 expression in full medium
(Fig. 5C, right panel), the Dox-untreated “ATG5-on” m5-7 cells
were able to proliferate better than the Dox-treated “ATG5-off”
m5-7 cells, albeit much slower when glutamine was depleted
(Fig. 5C, left panel). Consistently, NAC treatment partially res-
cued the proliferation of the glutamine-restricted cells, indepen-
dent of Dox treatment/ATG5 expression. Taken together, these
data suggest that even though glutamine is needed to gener-
ate ATP and other macromolecules, maintaining a sufficiently
reduced glutathione level, presumably through supplementing
with NAC, is beneficial.

To further assess the individual roles of ATP and nucleotide in
maintaining cell proliferation during glutamine deprivation, we
examined the number of WT and azg5~~ MEF cells subjected to
glutamine starvation in the presence and absence of a combina-
tion of supplements. Cell proliferation assays showed that supple-
menting with glutamine at 6 h and 24 h, but not at 48 h, after
withdrawal rescued the proliferation of both the WT and azg5"~
MEFs (Fig. S3B). However, the addition of methylpyruvate or/
and deoxynucleoside monophosphates or deoxynucleoside tri-
phosphates failed to elicit similar responses. Since reconstitution
with glutamine after 24 h of glutamine starvation could rescue

1484 Autophagy

both WT and azg5~~ cells from growth inhibition, we conclude
that glutamine starvation-induced suppression of cell prolifera-
tion is reversible within 24 h irrespective of the ATG5 context
(Fig. $4B).

Lastly, we tested if the initial glutamine concentration required
by atg5~ cells for proliferation is different from the concentra-
tion required by WT cells. Asynchronous WT and azg5~~ cells
were cultured in normal growth medium (4 mM glutamine),
media with intermediate concentrations of glutamine (3, 2 and
1 mM glutamine) and glutamine-free medium. All media were
supplemented with 25 mM glucose and all cell cultures were fol-
lowed for up to 72 h. Reduced proliferation of azg5~~ cells was
observed when they were cultured in 1 mM glutamine and by
WT cells when cultured in 0 mM glutamine (data not shown),
suggesting that azg5~'~ cells require a higher concentration of glu-
tamine for proliferation than WT cells. We further titrated the
glutamine concentration by 0.1 mM increments from 0 to 1 mM
in the cell-seeding medium. Our results showed that 0.5 mM
glutamine was sufficient to support WT, but not az¢5~~ MEF cell
proliferation (Fig. 5D).

Regulation of mitochondrial oxidative phosphorylation by
ATGS5 deficiency and glutamine deprivation. In accordance
with the reduced TCA cycle intermediates and ATP levels in the
atg5~" cells compared with WT cells (Figs. 4C—E and 5A), we
postulated that a possible cause for the arrested proliferation of
glutamine-starved cells is the interference of mitochondrial func-
tion. To test if autophagy deficiency also resulted in impaired
mitochondrial respiration under full and glutamine-depleted
medium, oxygen consumption (OCR) was examined with and
without an uncoupler [p-trifluoromethoxy carbonyl cyanide phe-
nyl hydrazone (FCCP)] to assess the spare respiratory capacity
(SRC),” which is an indicator of the potential reserve capacity
for bioenergetic function in cells, using the above-referred experi-
mental setup (Fig. 5D).%° At the 0.5 mM glutamine condition,
autophagy-competent WT cells showed appreciable OCR, which
was elevated by FCCP (Fig. 6A). Thus, the autophagy-competent
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Figure 6. Comparable effect of autophagy deficiency and glutamine
restriction on mitochondrial function. (A) Real-time oxygen consump-
tion rate in WT and atg5”- MEFs maintained at different glutamine
concentration (0.5 and 4 mM) was determined in the presence or
absence of NAC (10 mM) using Seahorse Extracellular Flux (XF-24)
analyzer. Oligomycin (5 wg/ml), FCCP (1 wM) and rotenone (1 wM) were
added sequentially to determine mitochondrial function. The tracing
exhibited the distinct basal OCR between WT MEFs and autophagy-
compromised MEFs maintained at different glutamine concentrations
(upper panel) and differential response to NAC addition (lower panel)
after normalizing with cell numbers. (B) NAC stimulates OCR in atg5"-
MEFs maintained at 0.5 mM glutamine. The bar graph represents mean
+ SD from three independent experiments. A two-tailed Student’s t-test
was used to calculate statistical significance. *p < 0.01.

cells effectively tailored mitochondrial respiration to ATP needs
and substrate availability. In contrast, azg5~" cells showed reduced
OCR levels and a blunted FCCP response at 0.5 mM glutamine.
Therefore, autophagy-defective azg5~ cells are fundamentally
impaired in mitochondrial respiration when glutamine availabil-
ity is reduced to 0.5 mM (Fig. 6A).

Our data suggested that supplementing with the antioxidant
reagent NAC could overcome glutamine deprivation-induced cell
death (Fig. 5B). We hypothesized that the addition of NAC may
improve the oxygen consumption by azg5~' cells undergoing glu-
tamine deprivation. A comparison of the basal oxygen consump-
tion between WT and azg5~"~ cells revealed that the addition of
NAC improved the mitochondrial oxidative phosphorylation in
glutamine-deprived azg5~"~ cells (Fig. 6A, lower panel, summa-
rized in Fig. 6B). Taken together, our results suggest that the
reactive oxygen species (ROS) level in autophagy-deficient cells
was higher than that in autophagy-competent cells, and may
interfere with normal mitochondrial function upon glutamine
deprivation. In addition, although a decline in intracellular ATP
(Fig. 5A) could be caused by increased ATP utilization in azg5~"~
MEEF cells, the results from our oxygen consumption rate studies
suggested this was not the case.

Regulation of gene expression by ATG5 deficiency and glu-
tamine restriction. To identify key molecules affected by the
Atg5 knockout or glutamine restriction, we analyzed the gene
expression profiles of key enzymes involved in the TCA cycle
and glutamine metabolism and transport pathways in WT and
atg5~~ MEFs subjected to glutamine restriction (0.5 mM) for
6 and 24 h (Fig. 7). Among 20 select transcripts, quantitative
RT-PCR analyses revealed that the Azg5 knockout resulted in
an increase in Acol, Cs, Flnb, Ogdh, Sdha, Sucla2, Gpr2, Idhl
and Myc mRNA levels and a decrease in the Ldhb mRNA level
(Fig. 7A). Parallel changes in the transcript levels of Gpz2, Mel,
Ogdh, Sucla2, Slcla5 and Slc342 between WT and atg5~~ MEFs
over the time course of glutamine restriction was observed (Fig.
7A). In contrast, we noticed an opposite regulation of Acol, Finb,
Idh1/2 and Ldhb mRNA levels in WT and atg5" cells sub-
jected to extended glutamine restriction (0.5 mM, 24 h) (Fig.
7A). Taken together with our observations that many metabolic
parameters observed in WT MEFs after glutamine deprivation
for 6 h were comparable to those observed in azg5~~ MEFs main-
tained in full medium (Figs. 1-3), we hypothesize that ATG5
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deficiency results in the activation of some of the same regulatory
pathways as those activated in WT MEFs in response to gluta-
mine restriction or deprivation.

To further address the role of autophagy in coping with meta-
bolic stress, WT and azg5~ cells were subjected to glutamine
restriction (0.5 mM, for 6 and 24 h) and the mRNA levels of
genes including proarrest and proapoptotic regulators, such
as Pmaipl (Noxa), Bbc3 (Puma) and Cdknla (p21), were ana-
lyzed by quantitative RT-PCR. These three genes exhibited
higher mRNA levels in azg5~ cells prior to glutamine restriction
(Fig. 7C) and Cdknla and PmaipItranscript levels were rapidly
induced at the early time point (6 h), but extended starvation
(24 h) drastically reduced their levels in the azg57~ MEFs. In
contrast, the 0.5 mM glutamine-induced upregulation of proar-
rest and proapoptotic regulators was not observed in WT MEFs
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Figure 7. Glutamine and autophagy reprogram transcript levels. (A) Glutamine reduction regulates selected gene expression. WT and atg5”- MEFs
were seeded in complete medium to reach 50% confluence on the day of treatment, and then grown in serum-supplemented DMEM with or without
glutamine for the indicated time periods prior to RNA isolation. RNA isolation and pathway focused quantitative RT-PCR analyses were performed

as described in Materials and Methods. The relative fold change was calculated as each transcript levels in WT MEFs (0 h), after normalizing to that

of Gapdh, were set as 1. Results are shown as mean * SD from three independent experiments. *p < 0.05. Aco1, aconitase T; Cs, citrate synthase; Finb,
fumarate hydratase 1; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Gpt2, glutamic pyruvate transaminase; Idh1/2, isocitrate dehydrogenase 1/2;
Mdh1, malate dehydrogenase 1; Mel/2, malic enzyme 1/2; Myc, myelocytomatosis oncogene; Ogdh, oxoglutarate dehydrogenase; Sdha, Sdhb, succinate
dehydrogenase complex; Slc7a5, cationic amino acid transporter; Slc1a5, neutral amino acid transporter; Slc3a2, activators of dibasic and neutral amino acid
transport; Slc7a5, cationic amino acid transporter; Suclgl, Suclg2, Sucla2, succinate-CoA ligase. (B) Our proposed model illustrating the crosstalk between
autophagy, glutamine utilization and the TCA cycle. mRNAs encoding enzymes in the TCA cycle and glutamine metabolism, studied by quantitative
RT-PCR analyses, are boxed. (C) Glutamine restriction induces Cdknla (p21) and Bbc3 (Puma) expression in Atg5~~, but not WT MEFs. Pairs of mRNAs
from (A) were used to determine the transcript level of pro-cell cycle arrest gene (Cdknla) and pro-apoptotic regulators (Pmaip1 and Bbc3).
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Figure 8. Glutamine depletion fails to induce auto-
phagy. (A) Starvation, but not glutamine depletion,
induces autophagy. WT and atg5~- MEFs were seed-
ed in complete medium to reach 50% confluence
on the day of experiment and then grown in EBSS,
serum-supplemented DMEM without glutamine,

or treated with 2-DG (10 mM), a glycolysis inhibitor,
for 0, 6 and 24 h prior to harvesting. Equal amounts
of whole cell lysates were analyzed by western

blot using anti-MAP1LC3 (LC3), anti-SQSTM1 (p62)
and anti-ACTB (actin) antibodies. (B) Glutamine
depletion fails to reduce GFP-LC3 fluorescence
intensity. (Upper panel) MEF/GFP-LC3 cells were
treated with EBSS for 3 and 6 h and then analyzed
by FACS. The relative levels of GFP-LC3 fluorescence
intensity vs. cell counts are shown in a histogram
from a representative experiment (left). MEF/GFP-
LC3 cells were cultured in EBSS medium for 3 or 6 h,
with or without a 1 h pretreatment of Bafilomycin
A, (Baf AT; 100 nM). For the treated samples, Baf A,
was added to the EBSS media for the additional 6 h
incubation. The relative levels of GFP-LC3 intensity
from at least three independent experiments are
calculated as mean + SD and shown as a percent-
age of fluorescence intensity, where control level
was designated as 100% (right). (Lower panel)

Cells were subjected to glutamine withdrawal and
analyzed, without Baf A -treatment, as shown in
(upper panel). (C) Rapamycin induces autophagy

in the presence and absence of glutamine. WT and
atg5~- MEFs were seeded in complete medium to
reach 50% confluence on the day of experiment and
then grown in serum-supplemented DMEM with or
without glutamine and analyzed as described in (A).
(D) Glutamine depletion induces PRKAA2 (AMPK)
and MTOR activation (left panel) and suppresses
Atg5 mRNA level (right panel). The phosphoryla-
tion status of PRKAA2, MTOR and its downstream
RPS6KB2 (p70S6K) and EIF4EBP1 was determined
to indicate the activation status of the PRKAA2 and
MTOR pathways after glutamine depletion. The
expression level of the Atg5 transcript was measured
by quantitative RT-PCR analysis. Cells were treated
and analyzed as described in (A) with the indicated
antibodies and quantitative RT-PCR was performed
as described in Figure 7. GIn, glutamine; 2-DG,
2-deoxyglucose; Rapa, rapamycin.

at 0.5 mM glutamine, supporting the hypoth-
esis that autophagy plays an essential role in
protecting cells against metabolic stress. Taken
together, the data demonstrate that autophagy
and glutamine selectively modulate changes in
the transcript levels of metabolic, proarrest and
proapoptotic regulators.

Glutamine depletion represses autophagy
and Azg5 mRNA levels. To clarify the role of
autophagy in response to glutamine depletion,
we examined if depriving cells solely of exog-
enous glutamine induces autophagy in WT and
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atg5~~ MEFs. As expected, starvation (EBSS)-treatment, mainly
for amino acids and serum, induced a time-dependent change of

MAPILC3 lipidation (LC3-II) and a decrease of the SQSTMI
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(p62) level in WT, but not in azg5~~ MEFs, confirming that
inactivation of ATG5-dependent autophagy occurred in azg5~"~
MEFs and could serve as a control (Fig. 8A, left panel). Next
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we examined the effect of glutamine depletion or glycolysis inhi-
bition on autophagy induction in both WT and azg5~~ MEFs.
Although 2-DG-treatment induced a delayed accumulation of
MAPILC3-II (Fig. 8A, right panel), the withdrawal of glutamine
alone failed to induce MAP1LC3-II lipidation in WT MEFs at
6 and 24 h post treatment (Fig. 8A, middle panel). To assess the
response of autophagic activity to glutamine depletion in living
cells we adapted a quantitative assay that uses GFP-LC3, a well-
established autophagosomal marker, and followed its turnover by
FACS analysis.” The reduction in GFP-LC3 fluorescence reflects
its delivery into the lysosomes. Consistent with the western
analyses of the steady-state levels of endogenous MAP1LC3-1/
IT (Fig. 8A), the FACS assays clearly demonstrated that the GFP
fluorescent signal is reduced during EBSS-induced starvation in
a time-dependent and lysosomal inhibitor Baf A -sensitive man-
ner (Fig. 8B, upper panel). The GFP-LC3 level remained largely
unaffected upon glutamine withdrawal treatment over time
(Fig. 8B, lower panel). Moreover, glutamine deprivation also
decreased the intensity and duration of autophagy induced
by rapamycin, a well-known autophagy inducer, because
MAPILC3-II was barely detectable (Fig. 8C).

To further confirm the results of the LC3 lipidation assays,
isogenic m5-7 cells®® were transiently transfected with an
mRFP-GFP tandem monomeric fluorescent-tagged MAP1LC3
(tfLC3)** and maintained in the presence and absence of Dox
regulate ATGS level (Fig. S5A). At 48 h post-transfection, the
cells were subjected to EBSS, 2-DG treatment or glutamine
withdrawal. pH-sensitive tfLC3 is a reliable tool for examining
autophagosome maturation and autolysosome formation because
RFP is much more resistant to lysosomal quenching than GFP
in an acidic environment.”® In comparison with the control
cells (Fig. S5B and S5C), yellow and red puncta were observed
in m5-7 cells in the absence of Dox (20 ng/ml) at 6 h and
24 h, respectively, after EBSS exposure (Fig. S5D). This observa-
tion, which is consistent with the time-dependent rise and fall of
MAPILC3-II in Figure 8A, suggested a transient formation of
autophagosomes at 6 h, followed by autolysosome maturation at
24 h postglutamine starvation. However, when ATGS5 deficiency
is induced in m5-7 cells in the presence of Dox, no puncta were
detected (Fig. SSE). Likewise, after 24 h of 2-DG treatment, a
significant number of yellow puncta were formed in m5-7 cells in
the presence of ATG5 (-Dox; Fig. S5F), but not in the absence of
ATGS (+Dox; Fig. S5G), and these results are consistent with the
MAPILC3-II accumulation shown in Figure 8A. Nevertheless,
no puncta were observed in glutamine-deprived m5-7 cells with
or without Dox (Fig. SSH and S5I) supporting the hypothesis
that unlike EBSS or 2-DG treatment, glutamine deprivation
failed to induce autophagy in MEFs.

To understand the mechanisms underlying the lack of auto-
phagy induction in glutamine-starved cells, we first assessed
whether the PRKAA2 (AMPK)-MTOR pathway is dysregu-
lated in cells upon glutamine deprivation. Consistent with our
previous results (Fig. 5A), glutamine restriction clearly acti-
vated PRKAA2, as reflected by the decrease in ATP content.
Because PRKAA?2 functions as an upstream activator of MTOR,
decreased levels of phosphorylation of the MTOR downstream
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targets, RPS6KB2 (S6K) and EIF4AEBP1, were observed in WT
MEFs grown in the full media minus glutamine for 6 and 24 h
(Fig. 8D, left panel).?**® These results suggested that both the
signaling of PRKAA?2 activation and the inhibition of MTOR
were not impaired in glutamine-deprived cells. Furthermore,
the attenuated phosphorylation of RPS6KB2 and EIF4EBPI,
MTOR downstream targets, suggests that prolonged glutamine
starvation affects protein synthesis. Finally we measured levels
of mRNA that encode the autophagy machinery in WT MEFs
that have been subjected to glutamine deprivation. We found
that glutamine depletion led to a time-dependent decrease in
Atg5 mRNA levels in WT MEFs (Fig. 8D, right panel). Because
ATGS is indispensable for autophagy (Fig. 8A), we postulate that
decreased Azg5 levels could, at least in part, explain why there is
a failure to induce autophagy in glutamine-starved cells and why
we observed certain metabolic responses to glutamine reduction
that were comparable to autophagy inactivation.

Discussion

A critical, unresolved issue of metabolic stress responses is how
cells alter metabolism to maintain homeostasis. Although in
recent years, increased attention has been given to the connec-
tion between autophagy and metabolic alterations, the role of
autophagy in the management of cellular responses to extracel-
lular glutamine starvation is not yet well understood.®*' Herein,
we demonstrate that autophagy and glutamine utilization are
reciprocally regulated. First, autophagy supplies sub-mM con-
centrations of glutamine to the cell in order to maintain key
metabolite levels. Our unbiased metabolomics revealed that the
/=~ MEFs was lower than
the corresponding level in WT MEFs, even in glutamine-rich,

intracellular level of glutamine in azg5-

full medium (Fig. 4A), supporting a role for autophagy in main-
taining the glutamine supply. Together with our observations
that the basal metabolism of #2g5~~ MEFs was, in many respects
including reduced intracellular ATP levels, similar to the metab-
olism of WT MEFs at 6 h postglutamine withdrawal (Figs. 1C
and 5A), the results suggest that autophagy plays a critical role
in supporting cell metabolism by providing glutamine, especially
under conditions of metabolic stress. Second, our data indicate
that glutamine reduction, unlike other nutritional stresses, not
only failed to induce autophagy, but also attenuated autophagy
induced by the MTOR inhibitor, a potent autophagy inducer.
Autophagy is a process in which subcellular constituents are
degraded in lysosomes in response to stress.** Although this
catabolic process is believed to provide a survival advantage to
stressed cells, ATP is required for at least two steps in the auto-
phagic pathway; sequestration and the operation of the lysosomal
proton pump.® In the present study, both a decreased generation
of ATP (Fig. 5A) and an attenuated expression of endogenous
Atg5 mRNA (Fig. 8D) were detected in glutamine-deprived
cells, which presumably overrode the stimulation of autophagy
by PRKAA2 activation or MTOR inhibition (Fig. 8C and
D; Fig. S5). This observation is consistent with recent reports
that ammonia generated from glutaminolysis triggers auto-
phagy and that only the removal of leucine, arginine, lysine or
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methionine from the medium resulted in a significant induction
of autophagy.'*?"34

Based on our results, we speculate that glutamine supplied
from autophagy plays critical roles in (1) fueling mitochondrial
function and (2) regulating gene expression. It is well established
that glutamine-derived a-ketoglutarate is used as an anaple-
rotic and bioenergetic substrate by mitochondria (Fig. 7B) and
many cell lines use this pathway to supply the bulk of carbon
flux through the TCA cycle.*? This glutamine dependency is
more evident in certain cancer cells. For example, it has recently
been shown that elevated levels of phosphoglycerate dehydro-
genase (PHGDH) promotes serine pathway flux to boost the
anaplerosis of glutamine into the TCA cycle as a-ketoglutarate
in ER-negative breast cancer cells.”” Moreover, hypoxia, which is
a common feature of solid tumors, promotes reductive glutamine
metabolism to support cell growth and viability."** In addition
to directly fueling mitochondrial oxidative phosphorylation, glu-
tamine also affects mRNA transcript levels. In this report, we
showed that the abundance of mRNAs that encode enzymes
involved in glutamine-dependent anaplerosis, including Gpz2,
1dh1/2, Ogdh, Sdha and Sucla2, was upregulated in atg5~'~- MEFs
(Fig. 7A). Furthermore, pathway focused quantitative RT-PCR
revealed that the levels of 18 out of 21 selected mRNAs that
encode proteins involved in glutamine/EAA transport or TCA
cycle intermediates that support energy production are affected
by glutamine depletion in both cell types (Fig. 7A). In addition,
the failure to robustly induce Ldhb transcripts by glutamine
withdrawal in azg5~~ MEFs (Fig. 7A) agreed with the observed
lower lactate production in glutamine-deprived, Dox-treated
“ATGS5-oft” m5-7 cells (Fig. S2C). We propose that modula-
tion of the selected mRNA levels may be aimed at compensating
for decreased a-ketoglutarate in the reduced glutamine environ-
ments, although this remains to be proved.

Currently, little is known about the regulation of transcript
abundance mediated by metabolic stress. Histone methylation
and demethylation, which play important roles in the regula-
tion of gene expression by modulating chromatin structure
and the recruitment of transcription factors, is proposed to link
metabolic signals to chromatin structure and alter transcrip-
tion.” Based on our metabolic and quantitative RT-PCR pro-
files, it is tempting to speculate that the observed changes in
mRNA levels are mediated by the affected levels of metabolites
via transcriptional control mechanisms. For example, the activ-
ity of histone demethylases could be affected by the decrease or
increase of cellular metabolites such as flavin adenine dinucleo-
tide (FAD) and a-ketoglutarate, respectively.*** In particular,
histone demethylases that contain Jmjc domains are members of
the a-ketoglutarate/Fe?*-dependent dioxygenase family and they
use o-ketoglutarate as a cofactor to catalyze direct hydroxylation
of lysine methylamine groups, to produce succinate and carbon
dioxide.® The hydroxy-methyl group is then spontaneously lost
as formaldehyde to liberate methyl groups from modified lysine
residues. It has been shown that succinate accumulation in cells
deficient for succinate dehydrogenase impairs the activity of
histone demethylase KDM6B (JM]JD3), leading to the accu-
mulation of the transcriptional-repressive, methylation mark of
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histone H3 on lysine 27.97 It is plausible that succinate might
inhibit a-ketoglutarate-dependent dioxygenases, such as histone
demethylases that contain Jmjc domains. Conceivably there-
fore, a decrease of succinate, presumably from impaired mito-
chondrial oxidative phosphorylation (Fig. 6) due to glutamine
reduction, could be responsible for the transcriptional differences
observed between cells cultured in glutamine-sufficient vs. glu-
tamine-restricted conditions through the modulation of histone
demethylase activity. Despite the identification of a transcript
profile regulated by the autophagy product glutamine, the exact
molecular mechanism of how glutamine governs transcript abun-
dance is not understood. Further studies are needed to unequivo-
cally define if and how histone methylation and demethylation
contribute to the metabolic control of transcription mediated by
glutamine levels.

Finally, our beneficial effect by NAC-supplemental results
suggested that compromised autophagy combined with gluta-
mine reduction increase intracellular ROS production, resulting
in decreased oxygen consumption and thereby, ATP produc-
tion. Although ROS initiates signaling events that facilitate the
proliferation of metabolically active cells, cells must also pro-
tect themselves against the deleterious effects of pathologically
elevated ROS levels.®® Tt is well-established that glutamine
buffers cells against oxidative damage by donating both carbon
and nitrogen to the major intracellular antioxidant glutathione
and also contributes to the maintenance of NADPH levels used
to reduce oxidized glutathione to glutathione. We also demon-
strated that glutamine deprivation or autophagy impairment
results in decreased glutathione levels (Fig. 1C), presumably
leading to increased ROS. Our metabolomic profiling reveals
that y-glutamyl amino acids accumulated in azg5~~ MEFs after
6 h of glutamine depletion (Fig. S3B). Conceivably therefore,
ATGS deficiency and glutamine deprivation both may suppress
the activity of y-glutamyl cyclotransferase, a key enzyme for
the biosynthesis of glutathione, thereby decreasing intracellular
glutathione levels.*® In agreement with this hypothesis, supple-
mentation with NAC at 24 h restored the proliferation and oxy-
gen consumption of glutamine-deprived azg5~~ cells (Figs. 5B
and 6B). Taken together, it seems possible that excessive ROS-
induced damages, presumably from reduced levels of glutathione,
occur in glutamine-restricted cells. However, additional experi-
ments are needed to identify the affected key molecules that are
involved in mitochondrial oxidative phosphorylation.

Previous studies have shown that cancer cells can become
“addicted” to glutamine. After entering the cell glutamine is con-
verted to glutamate, then enters the TCA cycle and this results
in the production of ATP by oxidative phosphorylation.”® In this
report, we showed that Azg5 knockout results in decreased glu-
tamine levels, presumably via impaired autophagy. Amino acids
provided by autophagy are particularly important when cancer
cells are exposed to nutrient starvation. For example, Sheen et
al. have shown that leucine is indispensable for the survival of
human melanoma.’' It now appears that the glutamine generated
from autophagy is crucial for the cellular homeostatic control of
MEFs (this report) and cancer cells (data not shown). In addi-
tion, our data also suggest that azg57~ MEFs may utilize extra
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glutamine to compensate for a lack of basal autophagy, acerbating
a “glutamine-deficient” phenotype even when maintained in rich
medium. For example, systematic metabolomic profiling indi-
cated that the az¢g57~ MEFs accumulated higher levels of EAAs.
In the light of a recent report that glutamine efflux is essential
for transport of EAAs into cells, it is possible that the glutamine
in atg5~~ MEFs was presumably channeled toward maintaining
the EAAs, thereby further lowering the intracellular glutamine
level.?® Although our current data failed to differentiate the con-
tribution by glutamine from autophagy or extracellular nutrition
to maintaining cellular homeostasis, it seems likely that auto-
phagy is the main mechanism for providing glutamine needed
to fuel the oxidative mitochondrial metabolism, especially under
certain stress conditions.

Although ATGS has previously been characterized as a protein
that is specifically required for autophagy, it has also been shown
that mammalian autophagy can occur in an ATG5-independent
manner.”? Nonetheless, our findings provide new insights into
how autophagy can provide a survival advantage to cells using
alternative bio-energetic substrates, such as glutamine, to main-
tain ATP production and mitochondrial integrity in MEFs. The
exclusive decrease of EAAs and BCAA metabolites in glutamine-
starved (6 h) azg5~~ MEFs further supports the critical role of
glutamine utilization in autophagy-compromised cells. Our find-
ings shed new light on the fine balance and coordination between
autophagy and glutamine utilization. Although further investi-
gation will be required to determine the mechanisms regulating
glutamine- and ATG5-dependent transcriptional control, our
studies should provide a mechanistic perspective for the complex
signaling pathways that complement each other in the regulation
of autophagy-mediated and glutamine-dependent metabolism.
Furthermore, they have provided us with new targets for the pre-
vention and treatment of many diseases that involve dysregula-
tion of metabolism, including cancer.

Materials and Methods

Cell lines and chemicals. WT and azg5~~ MEFs (simian virus
40 T-antigen immortalized) were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% bovine
growth serum (Thermo Scientific, SH30541.03) and 1% peni-
cillin/streptomycin  (Gibco, 15240), with (Cellgro, 10-013)
or without (Cellgro, 15-013) glutamine. The m5-7 cells, that
harbored the inducible tet-off Azg5 that was derived from azg5-
= MEFs, were maintained as described previously.”? Dimethyl-
2-ketoglutarate (DM-2-KG; 349631), 2-deoxyglucose (2-DG;
Sigma, D8375), deoxynucleotides monophosphates (dNMPs;
D6375, T7004, D9500, D7750), IMP (14625), methylpyru-
vate (371173), N-acetyl-cysteine (NAC; A7250) and transami-
nase inhibitor aminooxyacetate (C13408) were purchased from
Sigma, deoxynucleotides triphosphates (dNTPs) were from
Roche (11814362001) and L-glutamine was obtained from
Gibco (25030).

Cell proliferation assay. Approximately 5,000 WT and
atg5~~ MEFs were seeded into 96-well plates or 16 x E-plates
(ACEA, Roche, DC-16-B-NT) and allowed to reach 5%
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confluence on day 1. On day 2, the medium (100 1) was switched
to a combination of DMEM with the indicated glutamine supple-
ment plus 10% bovine growth serum, dNMPs, dNTPs, methyl-
pyruvate, NAC and DM-2-KG. Cell proliferation was measured
by two different methods. First, RTCA DP Analyzer (ACEA,
Roche) was used to monitor real-time cell growth using 16 x
E-plates. Second, an MTS assay was performed at the end of the
indicated period of post-medium switching using CellTiter 96®
Aqueous OneSolution Reagent (20 pl, Promega, G3580). After
incubation, the absorbance at 490 nm was measured to calculate
relative proliferation, which is represented as the mean + standard
deviation (S.D.) from three independent experiments, each per-
formed in duplicate.

Oxygen consumption rate (OCR). Cellular mitochon-
drial function was measured using a Seahorse Bioscience
XF24 Extracellular Flux Analyzer. The mitochondrial func-
tion was assayed by sequential injections of oligomycin (ATP
synthase inhibitor; Sigma 75351), FCCP [carbonyl cyanide
p-(trifluoromethoxy) phenylhydrazone; mitochondrial oxidative
phosphorylation protonophore and uncoupler; Sigma C2920]
and rotenone (mitochondrial complex I inhibitor; Sigma R8875)
to define basal OCR, ATP-linked OCR, proton leak, maximal
respiratory capacity, reserve respiratory capacity and non-mito-
chondrial oxygen consumption, all according to manufacturer’s
instructions. Herein, basal OCR is used to represent the function
of mitochondria. Briefly, 2 x 10* cells were seeded into 24-well
plates and incubated overnight prior to the sequential addition
of a pre-optimized concentration of oligomycin, FCCP and rote-
none, respectively. After washing the cells with 1 ml seahorse
buffer [DMEM medium without phenol red containing glucose
(4.5 g/l), sodium pyruvate (I mM) and glutamine (0.5 mM)],
600 pl seahorse buffer plus 60 pl each of oligomycin, (50 ng/
ml), FCCP (10 wM) and rotenone (10 wM) respectively, was
automatically injected. At the end of recording period, cells were
lysed and the individual protein concentrations were determined
using the Bradford assay. OCR values were calculated after nor-
malizing with the protein concentration and they are plotted as
the mean + SD.

ATP assay. The ENLITEN® ATP Assay System (Promega,
FF2000) was used according to manufacturer’s instructions. WT
and atg5~"~ MEFs were seeded to reach 50% confluence on the
day of the experiment and each experimental set was grown in
duplicate. At the indicated times, cells in one set were trypsin-
ized and stained with trypan blue to determine cells number and
cells in the second set were harvested with PBS (500 nl), and
the cell suspension (400 l) then added to 5% trichloroacetic
acid (TCA, 100 pl) according to the manufacturer’s recommen-
dation. TRIS-acetate buffer (900 wl, pH 7.75) was then added
to neutralize the TCA solution (100 pl) and to dilute the TCA
to a final concentration of 0.1%. The extracts were then further
diluted 1:100 and added to an equal volume of rL/L Reagent
(Promega, FF2000) that contained D-luciferin and recombinant
luciferase prior to measuring the luminescence using a TD-30e
luminometer (Turner). The ATP standard (Promega, FF2000)
was serially diluted to generate a regression curve for calculation
of the exact number of ATP molecules, which was then divided
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by the cell number to derive the number of ATP molecules per
cell. Three independent experiments were performed, and are
represented as the mean + SD.

Whole cell lysate preparation and western blot analyses.
Cells were grown in DMEM, with or without glutamine, and
supplemented with 10% bovine growth serum or Earle’s bal-
anced salt solution (EBSS; Sigma, E3024) for the indicated
time periods. For detection of MAP1LC3-I and MAPILC3-1I,
whole cell extracts (WCEs) were prepared with lysis buf-
fer (20 mM Tris-HCL, pH 7.4, 150 mM NaCl, 1% Triton
X-100) plus complete protease inhibitor mixture (Roche,
11836145001). WCEs were then mixed with an equal volume
of SDS loading buffer and boiled for 3 min. WCEs were then
separated by SDS-PAGE followed by immunoblotting with
the antibodies: anti-MAPILC3-1/II (Medical and Biological
Laboratories, M115-3), anti-SQSTM1 (American Research
Products, 03-GP62-C), anti-phospho-PRKAA2 (Thrl72; Cell
Signaling, 2535), anti-PRKAA2 (Cell Signaling, 2532), anti-
phospho-MTOR (Ser2448; Cell Signaling, 2971), anti-MTOR
(Cell Signaling, 2983), anti-phospho-RPS6KB2 (Ser371; Cell
Signaling, 9208), anti-RPS6KB2 (Cell Signaling, 9202), anti-
phospho-EIF4EBP1 (Thr37/46; Cell Signaling, 2855), anti-
EIF4EBP1 (Cell Signaling, 9644) and anti-ACTB (Chemicon,
MABI1501R) antibodies. Immunoblots were visualized by stain-
ing with the enhanced chemiluminescence detection kit (ECL-
Plus, Amersham Biosciences, RPN2132) and detection using a
VersaDoc 5000 imaging system (Bio-Rad). Densitometric trac-
ing from images was captured and quantified with Quantity One
Software (Bio-Rad). The desired signal in individual samples was
normalized to an ACTB (actin) control. Relative protein levels
in experimental samples were calculated against the normalized
protein level of the untreated sample set as in 1.

Global metabolic profiling. The nontargeted metabolic
profiling platform employed for this analysis combined three
independent platforms: ultrahigh performance liquid chroma-
tography/tandem mass spectrometry (UHPLC/MS/MS?) opti-
mized for basic species, UHPLC/MS/MS? optimized for acidic
species, and gas chromatography/mass spectrometry (GC/MS).
WT and azg5~"~ MEFs (five replicates, three independent experi-
ments) were cultured in glutamine-deficient DMEM supple-
mented with 10% bovine growth serum for 0, 6 and 24 h to reach
50% confluence prior to harvesting. Briefly, equal numbers (3 x
10°) of cells in each replicate of WT and azg5~~ MEFs were pro-
cessed as described previously.’®% Cells were homogenized in a
fixed, minimum volume of water and 100 pl withdrawn for sub-
sequent analyses. Using an automated liquid handler (Hamilton
LabStar), protein was precipitated from the homogenized cells
with methanol that contained four standards used to report the
extraction efficiency. The resulting supernatants were split into
equal aliquots for analysis on the three platforms. Aliquots, dried
under nitrogen and vacuum-desiccated, were subsequently either
reconstituted in 0.1% formic acid in water (50 pl, acidic con-
ditions) or in 6.5 mM ammonium bicarbonate in water, pH 8
(50 pl, basic conditions) for the two UHPLC/MS/MS? analyses
or derivatized to a final volume of 50 pl for GC/MS analysis
using equal parts of bistrimethyl-silyl-trifluoroacetamide and a
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solvent mixture of acetonitrile:dichloromethane:cyclohexane
(5:4:1) with 5% triethylamine at 60°C for one hour. In addition,
three types of controls were analyzed in concert with the experi-
mental samples: samples generated from pooled experimental
samples served as technical replicates throughout the data set,
extracted water samples served as process blanks, and a cockrail
of standards spiked into every analyzed sample allowed instru-
ment performance monitoring. Experimental samples and con-
trols were randomized across a one-day platform run.

For UHPLC/MS/MS? analysis, aliquots were separated using
a Waters Acquity UPLC (Waters) and analyzed using an LTQ
mass spectrometer (Thermo Fisher Scientific, Inc.) that con-
sisted of an electrospray ionization source and linear ion-trap
mass analyzer. The MS instrument scanned 99-1000 72/z and
alternated between MS and MS? scans using dynamic exclusion
with approximately 6 scans per second. Derivatized samples for
GC/MS were separated on a 5% phenyldimethyl silicone column
with helium as the carrier gas and a temperature ramp from 60°C
to 340°C, then analyzed on a Thermo-Finnigan Trace DSQ MS
(Thermo Fisher Scientific, Inc.) operated at unit mass resolving
power with electron impact ionization and a 50—750 atomic mass
unit scan range.

Metabolites were identified by automated comparison of the
ion features in the experimental samples to a reference library of
chemical standard entries that included retention time, molecu-
lar weight (m/z), preferred adducts, and in-source fragments as
well as associated MS spectra and were curated by visual inspec-
tion for quality control using software developed at Metabolon.>

Medium BioProfile and cellular glutamine measurement.
m5-7 cells (5 x 10%) were cultured in 6-well plates in the presence
or absence of doxycycline (Dox, 20 pg/ml; Sigma, D9891) and
deprived of glutamine for 0, 6 and 24 h. The level of glucose, lac-
tate, Na* and K* in the culture medium was then measured using
BioProfile 100 Plus (Nova Biomedical Corporation). Intracellular
glutamine levels were measured using the EnzyChromTM
Glutamine Assay Kit (BioAssay Systems). Cell number was
determined by trypan blue exclusion assay for normalization.

Quantitative RT-PCR analyses. RNA isolation was per-
formed using an RNeasy Mini Kit according to the manufac-
turer’s instructions. (Qiagen, 74104) and reverse transcribed into
c¢DNA using an iScript™cDNA Synthesis Kit (Bio-Rad, 170-
8891). Synthesized cDNA and iQ™ SYBR® Green Supermix
(Bio-Rad, 170-8882) were mixed for subsequent quantitative
real-time PCR performed on an iQ"™ single color real-time PCR
detection system (Bio-Rad). The PCR program consisted of one
cycle of 95°C for 3 min, followed by up to 40 cycles of 95°C for
15 sec and 55°C for 45 sec. The amplicon specificity was con-
firmed using dissociation curves after the reactions were com-
plete. The primer pairs for Cs, Aco, Ogdh, Suclgl, Suclg2, Sucla2,
Sdha, Sdhb, Finb, Mdh1, Idh1, Idh2, Gpt2, Ldhb, Mel, Me2, Myc,
Sle7a5, Slelas, Sle3a2 and Gapdh are shown in Table S2. The
transcript levels of genes were normalized to those of Gapdh and
calculated using the AC . equation as follows: relative expression
=272, where AC, = C_. (gene) - C, (Gapdh).

Fluorescence microscopy analyses. m5-7 cells that were
maintained were transiently transfected with mRFP-GFP-LC3
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and cultured, in the presence or absence of Dox, either in com-
plete medium or treated with EBSS, 2-DG or glutamine depleted
medium for 6 and 24 h. The cells were then fixed in 3.7% para-
formaldehyde (Sigma, P6148) in PBS and examined using an
Olympus IX81 inverted fluorescence microscope. Fluorescent
images were acquired and saved using Zeiss LSM Image Browser
software.

Measurement of GFP-LC3 intensity by fluorescence-acti-
vated cell sorter (FACS) analysis. WT MEF cells that stably
expressed GFP-LC3 were seeded subconfluently into 6-well
plates the day before glutamine depletion. Following the indi-
cated treatment periods, cells were harvested with trypsin/
EDTA, washed with PBS, and subjected to FACS. Analysis of
1 x 10° cells/sample was performed by a CyAnTM ADP 9 Color
Flow cytometer (DAKO; Analytic Cytometry Core Facility in
City of Hope Medical Center), and viable cell counts were plot-
ted as GFP fluorescence intensity by FlowJo Software (Tree Star,
Inc.). The level of GFP fluorescence intensity in each treated
sample was normalized to the level of resting, vehicle treated
controls set at 100%. The relative level of GFP-LC3 intensity
in each treatment was calculated from at least three independent
experiments.

Statistical analysis. Each cell biology experiment was per-
formed in triplicate for representative means and images. For
statistical analysis and data display purposes for the metabolo-
mics data, raw values were normalized by sample cell number.
Any missing values were assumed to be below the limits of
detection and these values were imputed with the compound
minimum (minimum value imputation). Statistical analysis of

log-transformed data was performed using “R” (http://cran.r-
project.org), which is a freely available, open-source software
package. Welch’s t-tests were performed to compare data between
experimental groups. Multiple comparisons were accounted for
by estimating the false discovery rate using g-values. The com-
plete linkage hierarchical cluster and heatmap were generated
using Gene Cluster 3.0. A probability value of less than 0.5 (p <
0.05) was considered significant.
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