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Autophagy degrades and is thought to recycle proteins, other macromolecules, and organelles. In genetically
engineered mouse models (GEMMs) forKras-driven lung cancer, autophagy prevents the accumulation of defective
mitochondria and promotes malignancy. Autophagy-deficient tumor-derived cell lines are respiration-impaired
and starvation-sensitive. However, to what extent their sensitivity to starvation arises from defective mitochondria
or an impaired supply of metabolic substrates remains unclear. Here, we sequenced the mitochondrial genomes
of wild-type or autophagy-deficient (Atg7−/−) Kras-driven lung tumors. Although Atg7 deletion resulted in in-
creased mitochondrial mutations, there were too few nonsynonymous mutations to cause generalized mitochon-
drial dysfunction. In contrast, pulse-chase studies with isotope-labeled nutrients revealed impaired mitochondrial
substrate supply during starvation of the autophagy-deficient cells. This was associated with increased reactive
oxygen species (ROS), lower energy charge, and a dramatic drop in total nucleotide pools. While starvation survival
of the autophagy-deficient cells was not rescued by the general antioxidant N-acetyl-cysteine, it was fully rescued
by glutamine or glutamate (both amino acids that feed the TCA cycle and nucleotide synthesis) or nucleosides.
Thus, maintenance of nucleotide pools is a critical challenge for starving Kras-driven tumor cells. By
providing bioenergetic and biosynthetic substrates, autophagy supports nucleotide pools and thereby
starvation survival.
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Macroautophagy (referred to here as autophagy) is a cellu-
lar self-digestion pathway evolutionarily conserved from
yeast to mammals that degrades and is thought to recycle
proteins and organelles essential to survive starvation
(Mortimore and Poso 1987). Yeast cells rely on autophagy
to survive nitrogen starvation, hence identifying the
autophagy-related (Atg) genes and elucidating the autoph-
agy pathway (Tsukada and Ohsumi 1993). Neonatal
mice require autophagy to maintain serum amino acid
levels and survival during physiological neonatal starva-
tion (Kuma et al. 2004; Komatsu et al. 2005). Adult
mice require autophagy to sustain serum glucose levels
during fasting, which prevents cachexia and fatal hypo-
glycemia (Karsli-Uzunbas et al. 2014). Thus, autophagy
buffers metabolic stress, likely by degrading intracellular

components to generate amino acids, nucleotides, fatty
acids, and sugars that are recycled into metabolic and bio-
synthetic pathways (Rabinowitz and White 2010). Loss of
autophagy in mice also causes neurodegeneration as well
as muscle and liver damage over time, indicating a long-
term role for autophagy in selective tissue maintenance
as well as in acute response to nutrient limitation (Miz-
ushima and Levine 2010; Karsli-Uzunbas et al. 2014).
The specific autophagy substrates that are important,
the products that they produce, and the pathways and
functions that they are used for are not known.

Evidence suggests that autophagy has a context-depen-
dent role in cancer. Autophagy suppresses tumor initia-
tion in mouse models by eliminating SQSTM1/p62 and
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also likely suppressing chronic tissue damage and inflam-
mation (White 2012; White et al. 2015). In established tu-
mors, autophagy promotes survival of metabolic stress in
the microenvironment such as hypoxic tumor regions
(Degenhardt et al. 2006). Some tumors have high levels
of basal autophagy thatmay be due to elevated nutrient re-
quirements (Guo et al. 2011; Yang et al. 2011;White 2012;
White et al. 2015) or direct activation of the autophagy
machinery by oncogenic signaling (Perera et al. 2015;
Wong et al. 2015), indicating that some tumors may be
autophagy-dependent.
In genetically engineered mouse models (GEMMs) for

Kras-driven non-small-cell lung cancer (NSCLC), deletion
of Atg7 causes tumor cells to accumulate autophagy sub-
strates (particularly mitochondria), suppresses tumor
growth, and promotes tumor cell death. Importantly,
Atg7 deficiency alters the fate ofKras-induced carcinomas
to oncocytomas (Guo et al. 2013), which are rare, predom-
inantly benign tumors characterized by the accumulation
of defective mitochondria (Joshi et al. 2015). Thus,Atg7 is
required for NSCLC growth, survival, and malignancy.
Moreover, acute, systemic genetic ablation of Atg7 in
mice with established NSCLC promotes tumor regres-
sion prior to damage to most normal tissues, indicating
that tumors can be selectively autophagy-dependent (Kar-
sli-Uzunbas et al. 2014). Deletion of the essential autoph-
agy gene Atg5 in a GEMM for NSCLC also attenuates
Kras-driven lung tumor growth, suggesting that anti-tu-
mor activity is likely due to loss of autophagy (Rao et al.
2014).
In other GEMMs for cancer, autophagy promotes

the growth of BrafV600E-induced lung tumors (Strohecker
and White 2014) and Pten-deficient prostate tumors
(Santanam et al. 2016) and suppresses senescence in
melanomas driven by BrafV600E and loss of Pten (Xie
et al. 2015). Genetic loss of autophagy impairs the pro-
gression of Kras-driven premalignant pancreatic intraepi-
thelial neoplasia (PANIN) lesions to invasive cancer
(Rosenfeldt et al. 2013; Yang et al. 2014). Atg7 deficiency
in intestinal epithelial cells in Apc+/−mice leads to intes-
tinal dysbiosis required for an anti-cancer immune re-
sponse, which prevents intestinal tumor initiation and
growth (Levy et al. 2015). Thus, these and other GEMMs
have identified autophagy-dependent cancers that are gen-
eralizable to tumors driven by distinct oncogenic events
and not related to the origin of tissue or tumor type.
The mechanism by which autophagy promotes tumor-

igenesis in some cases is in part due to inhibition of p53,
but the underlying mechanisms are not known (Guo
et al. 2013; Rosenfeldt et al. 2013; Strohecker and White
2014; Wei et al. 2014; Yang et al. 2014). In contrast, dele-
tion of essential autophagy genes in human cancer cell
lines by genome editing does not impair tumor growth
in immune-compromised mice (Eng et al. 2016). This
suggests that the immune system may suppress growth
of autophagy-deficient tumors or that there is selection
for compensatory mechanisms that overcome autophagy
deficiency. Determining the mechanism by which
autophagy promotes tumor cell growth and malignancy
will begin to resolve these and other possibilities.

Oncogenic mutation or loss of tumor suppressors pro-
motes glycolysis for rapid energy production to meet the
highmetabolic demand of cancer cell growth (Vander Hei-
den et al. 2009). However, most tumor cells still rely on
mitochondria metabolism for their proliferation and tu-
morigenesis (Gaglio et al. 2011; Fan et al. 2013). Mito-
chondria are the hub for bioenergetic processes, in
which substrates taken from the cytoplasm are used to
drive fatty acid oxidation, the tricarboxylic acid (TCA) cy-
cle, the electron transport chain (ETC), and respiration.
Mitochondria also function as a platform for biosynthesis
of amino acids, lipids, nucleotides, heme, and iron sulfur
clusters as well as NADPH for their own antioxidant de-
fense (Wallace 2012). Elimination of cancer cellmitochon-
drial DNA (mtDNA) impairs tumorigenicity, which is
restored by the acquisition of mtDNA from host cells
to tumor cells (Tan et al. 2015). Loss of the mitochondrial
transcription factor A (TFAM) gene disrupts mitochondri-
al function and impedes Kras-driven tumorigenesis
(Weinberg et al. 2010). Impairedmitochondrial respiration
by suppressing the functionally coupled mitochondrial
pyrimidine biosynthesis enzyme dihydroorotate dehydro-
genase (DHODH) leads to the depletion of pyrimidines,
which triggers the activation of p53 and induction
of p53-dependent apoptosis (Khutornenko et al. 2010).
Therefore, maintaining functional mitochondrial metab-
olism is necessary for cancer cell survival and prolifera-
tion (Zong et al. 2016).
A continuous inflow of four-carbon (4C) units to bal-

ance the outflow of such units to amino acids and other
biosynthetic products is essential to sustain mitochondri-
al metabolism (Zong et al. 2016). The replenishment of
TCA cycle metabolites can be achieved by the carboxyla-
tion of pyruvate or catabolism of glutamine or other ami-
no acids (DeBerardinis et al. 2007; Yuneva et al. 2007; Fan
et al. 2009; Comerford et al. 2014; Mashimo et al. 2014).
4C units enter the TCA cycle and generate citrate by
condensing with two-carbon (2C) units, which are sup-
plied by acetyl-CoA. Citrate can be metabolized further
to generate all classical TCA cycle intermediates or ex-
ported to the cytosol for lipid synthesis and protein mod-
ifications. Moreover, mitochondria also play a central role
in the metabolism of one-carbon (1C) units, which are re-
quired for purine, thymidine, and methionine synthesis
(Zong et al. 2016).
Mitochondria-mediated biosynthetic pathways are im-

portant for cell proliferation. Aspartate supplementation
or overexpression of an aspartate transporter allows cells
without ETC activity to proliferate, indicating that en-
abling aspartate synthesis is an essential role ofmitochon-
dria in cell proliferation (Birsoy et al. 2015). Glutamine
autonomously synthesized by glutamine synthetase-posi-
tive glioma cells or supplied by astrocytes is required for
the growth of glutamine-restricted glioblastoma by fuel-
ing de novo purine synthesis (Tardito et al. 2015). The mi-
tochondrial 1C pathway is consistently overexpressed in
cancer and supports serine-mediated purine and thymi-
dine synthesis. Particularly, in nutrient-poor conditions,
mitochondrial 1Cmetabolism is required for tumorigene-
sis (Ducker et al. 2016). Mitochondria-mediated serine
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catabolism also supports tumor growth by maintaining
mitochondrial redox balance to support tumor cell sur-
vival and growth (Ye et al. 2014).

Autophagy deficiency causes the accumulation of dys-
functional mitochondria in tumor cells and impairs tu-
morigenesis, suggesting that autophagy may promote
tumorigenesis andmalignancy bymaintainingmitochon-
drial quality and possibly also providing substrates for mi-
tochondrial metabolism (White 2015). However, whether
autophagy recycles substrates, the identity of specific sub-
strates, and the metabolic pathways and functions that
they are used for are not known.

Here we address how autophagy maintains mito-
chondrial function in Ras-driven cancer cells and why
autophagy is critical for their survival in starvation. We
found that deletion of Atg7 in tumors increased the fre-
quency of mitochondrial genome variation, but the heter-
oplasmic mitochondrial mutations did not account for
metabolic impairment. Pulse-chase studies with isotope-
labeled nutrients showed that Atg7 deficiency reduced
metabolite recycling in starvation, specifically TCA cycle
intermediates, glutamate, aspartate, and α-ketoglutarate
(α-KG), indicating that substrate limitation in autoph-
agy-deficient tumor cells impaired mitochondrial metab-
olism. Dysfunctional mitochondrial metabolism caused
by autophagy deficiency was associated with increased
reactive oxygen species (ROS), lower energy charge, and
a dramatic drop in total nucleotide pools in starvation.
Supplementation of glutamine or nucleosides was suffi-
cient to maintain energy charge, sustain nucleotide
pools, and rescue death of starved Atg7-deficient tumor
cells. [U13C5]-glutamine (Gln) tracing showed that gluta-
mine was metabolized to replenish TCA cycle intermedi-
ates for nucleotide synthesis and energy and redox
homeostasis in starvation. Thus, the role of autophagy
in Ras-driven tumor cells is to recycle substrates to pre-
vent fatal nucleotide pool depletion and energy crisis in
starvation.

Results

Autophagy contributes to mitochondrial genome
maintenance but is not essential to maintain proper
coding of mitochondrial proteins

To address whether defective clearance of mitochondrial
genomes in Atg7-deficient tumors contributed to meta-
bolic defects, the mtDNA from Atg7 wild-type and Atg7-
deficient Kras-driven mouse lung tumors was sequenced
(∼24,000× coverage; N = 8 mice per group) (Supplemental
Table S1). Sequence variants were found more commonly
in the Atg7-deficient tumors (P = 0.0267) (Supplemental
Table S2). Using an allele frequency cutoff of 3%, among
the eight wild-type tumors, there was only one sequence
variant, while among the eight Atg7−/− tumors, five
showed at least a single sequence variant, with a total of
eight variants detected (Supplemental Table S2). The var-
iant allele frequency inAtg7-deficient tumors ranged from
3% to 26% (Supplemental Table S3). The mutations that
were found were all either G>A or T>C on the light strand

(corresponding to C>T and A>G on the heavy strand),
which is consistent withmitochondrialmutations detect-
ed across human cancers and postulated to result from
mtDNA replication error (Supplemental Table S3; Ju
et al. 2014). Critically, all variants in protein-coding re-
gions were synonymous (Supplemental Table S3). Thus,
whileAtg7 suppressesmtDNAallelic variation, loss ofmi-
tochondrial genome quality control is unlikely to be the
reason for defective mitochondrial function in Atg7-defi-
cient tumors.

Autophagy mediates substrate recycling

To elucidate the substrates provided by autophagy-medi-
ated degradation and recycling in starvation, Kras-driven
Atg7 wild-type and Atg7-deficient tumor-derived cell
lines (TDCLs) were cultured in RPMI medium with uni-
formly 13C-labeled and 15N-labeled amino acids and 13C-
labeled glucose for 3 d to label endogenous components,
including proteins and metabolites. This was followed
by a chasewith unlabeled RPMImedium for 3 h to replace
labeled with unlabeled metabolites. The cells were then
subjected to starvation in Hanks’ balanced salt solution
(HBSS) without glucose for 4 h prior to significant cell
death induction, and the metabolites were examined by
liquid chromatography-mass spectrometry (LC-MS) for re-
cycling as indicated by the presence of 13C-labeled and
15N-labeled metabolites from the breakdown of intracel-
lular macromolecules (Fig. 1A). Analysis focused on 43
abundant central metabolites whose labeling we could re-
liably measure across these conditions, including amino
acids and nucleotides as well as glycolytic, pentose phos-
phate, and TCA intermediates.

Three days of growth in 13C-labeled and 15N-labeled nu-
trients resulted in extensive and equivalent labeling of in-
tracellular metabolites in both Atg7 wild-type and Atg7-
deficient TDCLs (Supplemental Table S4.1). After the 3-
h chase with unlabeled medium, most metabolites were
unlabeled as expected due to their production from nutri-
ents in RPMI (Supplemental Table S4.2). Starvation fol-
lowing the chase significantly increased labeling of 43
examined metabolites, with 23 increasing in labeling by
at least twofold (Supplemental Table S4.3), consistent
with labeled intracellular components being degraded
and recycled intometabolic pathways. Of these 23metab-
olites that were derived substantially from macromole-
cule degradation, 18 showed significant differences in
labeling between Atg7wild-type and Atg7-deficient cells,
with greater labeling in thewild-type cells in all cases (Fig.
1B; Supplemental Table S4.3). These 18 metabolites in-
cluded amino acids, pentose phosphate intermediates,
UDP-glucose, glycerol-phosphate, and α-KG (Fig. 1C; Sup-
plemental Table S4.3). For some of these metabolites, in-
cludingmany essential amino acids, therewas substantial
formation from macromolecular degradation even in the
absence of autophagy, indicating that other degradative
processes also contribute to recycling in starvation (Fig.
1C; Supplemental Table S4.3). For others, including the
key TCA cycle intermediate α-KG and TCA-derived ami-
no acids aspartate and glutamate, the contribution of
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autophagy was large, consistent with autophagy playing
a particularly critical role in feeding TCA metabolism
(Fig. 1C).
Loss of autophagy as ametabolic inputwould be expect-

ed to also impact metabolite concentrations. However,
concentration changes could be offset by decreased me-
tabolite consumption. For most essential amino acids
for which the contribution of autophagy was significant
but modest using our pulse-chase approach, we did not
detect significant changes in concentrations between
Atg7 wild-type and Atg7-null cells in starvation (Fig.
1D). For UDP-glucose, serine, pentose phosphate pathway
compounds, TCA intermediates, and TCA-associated
amino acids, we detected significant depletion in the
starved autophagy-deficient cells compared with the
starvedwild-type cells (Fig. 1D). Thus, autophagy is an im-
portant contributor to pentose phosphate pathway and
TCA cycle metabolism.

Autophagy does not influencemetabolic flux in nutrient-
rich conditions

Both glucose and glutamine can contribute carbon to the
TCA cycle. We first examined whether autophagy defi-
ciency alters glucose metabolism in nutrient-replete con-
ditions by tracing with [U13C6]-Glc in Atg7wild-type and
Atg7-deficient TDCLs. Although glucose uptake and lac-
tate secretion rates inAtg7-deficient TDCLs were slightly
higher than in wild-type TDCLs (Supplemental Fig. S1A),
therewas no discernable difference in the kinetic incorpo-
ration rate of [U13C6]-Glc carbon into glycolytic interme-
diates (Supplemental Fig. S1B) or subsequently into TCA
cycle intermediates (Supplemental Fig. S1C). As expected,
the majority of glycolytic intermediates, including glu-
cose-6-phosphate (G6P), fructose-1,6-biphosphate (FBP),
dihydroxyacetone phosphate (DHAP), and 3-phosphogly-
ceric acid (3PG), were fully labeled within 5 min in both

Figure 1. Autophagy mediates substrate recycling in starvation. (A) Schematic of 13C and15N tracer studies. (B) The schematic chart
shows different metabolite recycling distributions between Atg7+/+ and Atg7−/− TDCLs in starvation. (R3) The time point after cells
were cultured in unlabeled RPMImedium for 3 h; (H4) the time point after 4 h of HBSS to induce degradation of intracellular components
for recycling. (C ) 13C and 15N tracing shows substrates of autophagy-mediated recycling in Kras-driven TDCLs in starvation. t-test, false
discovery rate [FDR]-adjusted P-value < 0.05. Red indicates TCA cycle intermediates and TCA-derived amino acids. The error bar indi-
cates ±SEM. n = 3. (D) Pool sizes of metabolites identified from 1C in nutrient-rich (RPMI) and nutrient-depleted (HBSS) conditions.
(S7P) Sedoheptulose 7-phosphate. The error bar indicates ±SEM. n = 3. (∗∗) P < 0.01; (∗∗∗) P < 0.001, t-test.
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Atg7 wild-type and Atg7-deficient TDCLs (Supplemental
Fig. S1B). However, <20% of the carbon of TCA cycle in-
termediates was derived from glucose in both Atg7 wild-
type and Atg7-deficient TDCLs (Supplemental Fig. S1C,
D). Similarly, we found that the contribution of gluta-
mine, which is a major TCA cycle substrate in almost
all cultured cancer cells, did not differ depending on
autophagy status (Supplemental Fig. S2A–C). Thus, the
utilization of glucose and glutamine in Kras-driven lung
cancer cells is independent of autophagy in nutrient-re-
plete conditions.

Glutamine and glutamate enable survival in starvation

Autophagy deficiency impairs survival of Kras- and Braf-
driven lung tumor cells in starvation, and initial studies
pointed to the importance of glutamine in rescuing this
survival (Guo et al. 2013; Strohecker and White 2014).
To determine which nutrients were essential for Kras-
driven Atg7-deficient tumor cells to survive starvation,
we supplemented HBSS with individual amino acids,
glucose, membrane-permeable α-KG analog (dimethyl-α-
KG), or pyruvate and assessed clonogenic survival. We
found thatAtg7-deficient tumor cells weremore sensitive
to starvation than wild type, glutamine or glutamate
supplementation of HBSS fully rescued the survival of
Atg7-deficient tumor cells (Fig. 2A), and proline supple-
mentation partially rescued the survival of Atg7-null

cells, whereas supplementation with other amino acids
had no effect on survival (Supplemental Fig. S3A,B). In
contrast, glucose and pyruvate only partially rescued the
survival of the autophagy-deficient cells (Fig. 2A). Gluta-
mine and glutamate provide nitrogen in addition to
TCA carbon. Dimethyl-α-KG provides the carbon skele-
ton of glutamine and glutamate without any nitrogen.
Similar to glucose or pyruvate, which are pure carbon
sources, dimethyl-α-KG only partially rescued starved
Atg7-deficient cells (Fig. 2A).

Consistent with impaired substrate supply during star-
vation, compared with wild type, most autophagy-defi-
cient cells showed less mitochondrial respiration in
HBSS (Fig. 2B,C; Supplemental Fig. S4). The decrease in
respiration in HBSSwas fully rescued by supplementation
with either glutamine (Fig. 2B; Supplemental Fig. S4) or
dimethyl-α-KG (Fig. 2C), indicating that both glutamine
and dimethyl-α-KG provide adequate TCA carbon sub-
strates. Nevertheless, glutamine and glutamate better
supported starvation survival. Thus, for survival in starva-
tion, Atg7-deficient cells appear to be dependent on both
carbon and nitrogen from glutamine or glutamate.

Autophagy sustains redox balance in starvation

To identify the metabolic pathways maintained by gluta-
mine supplementation during starvation in Kras-driven
tumor cells, we performed isotope tracer studies using

Figure 2. Glutamine and its derivatives sustain mitochondria metabolism to support Kras-driven TDCL survival in starvation. (A) Clo-
nogenic survival assay ofAtg7wild-type andAtg7-deficient cells in HBSS, HBSS supplementedwith 2mMglutamine, 2mMglutamate, 1
mMdimethyl-α-KG, 2 g/L glucose, or 1mM sodium pyruvate. Treated cells were recovered for 3 d in RPMImedium at days 1–3 after star-
vation. (B) Oxygen consumption rate (OCR) of Atg7+/+ and Atg7−/− TDCLs in RPMI, HBSS, and HBSS with 2 mM glutamine (Q) supple-
mentation conditions. The error bar indicates ±SEM. n = 4. (C ) OCR of Atg7+/+ or Atg7−/− TDCLs in RPMI, HBSS, and HBSS with 1 mM
dimethyl-α-KG supplementation conditions. The error bar indicates ±SEM. n = 4.
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[U13C5]-Gln. As expected (Fig. 3A), glutamine was used to
replenish TCA cycle intermediates, as evidenced by fully
labeled α-KG (M+5), succinate (M+4), fumarate (M+4), and
malate (M+4) (Fig. 3B), with the glutamine uptake rate, as-
sociated ammonia excretion rate, and fractional carbon
contribution to TCA intermediates significantly higher
inAtg7-deficient tumor cells comparedwithwild-type tu-
mor cells (Fig. 3B,C).
Therewas a particularly striking increase inM+6 citrate

labeling from glutamine (Le et al. 2012) in autophagy-defi-
cient cells (Fig. 3B). Citrate (M+6) can be generated from
[U13C5]-glutamine by flux from malate (M+4) to pyruvate
(M+3) to acetyl-CoA (M+2), which condenses with oxalo-
acetic acid (OAA) (M+4) to generate citrate (M+6) (Fig. 3D;
Le et al. 2012). Pyruvate (M+3) was significantly higher in
Atg7-deficient tumor cells than in wild type (Fig. 3B). Ma-
lic enzyme converts malate to pyruvate and, in so doing,
generates NADPH (Fig. 3D; Le et al. 2012). Kras-driven
pancreatic cancer cells reprogram glutamine metabolism

by converting malate to pyruvate to generate NADPH to
maintain the cellular redox state (Son et al. 2013). This
prompted us to hypothesize that autophagy is required
to maintain redox balance in starvation. To test this hy-
pothesis, we first examined the ROS production in Kras-
driven tumor cells. Compared with Atg7wild-type tumor
cells,Atg7-deficient tumor cells had higher basal ROS lev-
els in nutrient-rich conditions, which was further elevat-
ed by starvation (Fig. 3E), demonstrating that autophagy
suppressed ROS production. Importantly, glutamine sup-
plementation attenuated ROS production in Atg7-defi-
cient tumor cells (Fig. 3F). This starvation-induced ROS
production was prevented by addition of the ROS scav-
enger N-acetyl-L-cysteine (NAC) (Fig. 3G). However,
NAC supplementation did not rescue the survival of
Atg7-deficient tumor cells in starvation (Fig. 3H). Thus,
while autophagy-derived substrates appear to contribute
to antioxidant defense in starving tumor cells, other
mechanisms also underlie starvation survival.

Figure 3. Autophagymaintains the redox state ofKras-drivenTDCLs in starvation. (A) Schematic of carbon atom (circles) transitions and
tracers used to detect glutamine flux to TCA cycle intermediates. (B) [U13C5]-Gln flux to TCA cycle intermediates of Kras-driven TDCLs
in HBSS. The error bar indicates ±SEM. n = 3. (∗∗) P < 0.01; (∗∗∗) P < 0.001, t-test. (C ) Glutamine uptake and ammonium secretion rates of
TDCLs in HBSS. The error bar indicates ±SEM. n = 3. (∗∗) P < 0.01, t-test. (D) The schematic of carbon atom (circles) transitions and tracers
shows the metabolic pathway for citrate (M+6) generation from [U13C5]-Gln. (E) ROSmeasured by 2′-7′-dichlorodihydrofluorescene diac-
etate (DCFDA) fluorescence in Atg7 wild-type and Atg7-deficient cells in RPMI and 4-h HBSS conditions. (F ) ROS measured by DCFDA
fluorescence shows that 2mMglutamine supplementation reduced starvation-induced ROS production inAtg7-deficient tumor cells. (G)
ROSmeasured byDCFDA fluorescence shows that 0.5mMN-acetyl-L-cysteine (NAC) supplementation reduced starvation-inducedROS
production inAtg7−/−-deficient tumor cells. (H) Clonogenic survival assays show that 0.5mMNAC supplementation did not rescueAtg7-
deficient cell death in starvation.
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Autophagy maintains energy homeostasis

TheprimarysourceofATP inmammals isTCAcycle-driv-
en oxidative phosphorylation. Based on our observations
that TCA metabolites and oxidative phosphorylation are
both decreased in starving autophagy-deficient cells (Figs.
1D, 2B,C; Supplemental Fig. S4), we hypothesized that
autophagy makes a key contribution to energy homeosta-
sis. Adenylate energy charge, defined as (ATP + 0.5 ADP)/
(ATP +ADP +AMP), was not influenced by Atg7 in nutri-
ent-rich conditions but was significantly reduced in
starvedAtg7-deficient tumorcells (Fig. 4A).Thisdecreased
energy charge in starved Atg7-deficient tumor cells was
caused by decreased ATP and elevated AMP andwas asso-
ciatedwith AMPK activation (Fig. 4B,C). Similarly, we ob-
served decreases in GTP, UTP, and CTP and increases in
GMP, UMP, and CMP in autophagy-deficient starving
cells (Supplemental Fig. S5). Glutamine supplementation
restored ATP, reduced AMP, maintained energy charge,
and prevented AMPK activation (Fig. 4C–E). These find-
ings suggest that substrates derived from autophagy are re-
quired to maintain energy charge in starvation.

Autophagy prevents fatal total nucleotide pool depletion
in starvation

In healthy cells, nucleotides are present predominantly
(>90%) in the energy-rich triphosphate forms. Based on

the substantial decrease in ATP and other triphosphates
in starving autophagy-null cells, we hypothesized that to-
tal nucleotide pools were depleted. Consistent with prior
literature (Park et al. 2016), we found that the total pools
of adenosine and uridine nucleotides were substantially
larger than the pools of cytidine and guanosine nucleo-
tides (Fig. 5A). The total adenosine, uridine, and cytidine
nucleotide pools decreased in starvation in both wild-
type and Atg7-null cells (intriguingly, the relatively small
guanosine nucleotide pools were spared such depletion).
The remaining total nucleotide pool in the autophagy-de-
ficient cells was approximately twofold lower than that in
wild-type cells (Fig. 5A).

Because profound nucleotide depletion occurred over a
relatively brief starvation interval (4 h), we considered it
likely that the pool depletion was driven by nucleotide ca-
tabolism. Indeed, there was substantial accumulation of
both purine and pyrimidine bases (hypoxanthine, gua-
nine, and uracil) in starved Atg7-deficient tumor cells
(Fig. 5B). Glutamine supplementation prevented this nu-
cleic acid base accumulation (Fig. 5B) and sustained the
pool of nucleotides (Fig. 5C). Because glutamine has a
myriad of effects, including on redox state (Fig. 3F), energy
charge (Fig. 4A), and nitrogen status (Fig. 3C), we were
curious whether substrates that more directly support to-
tal nucleotide pools would similarly rescue starvingAtg7-
null tumor cells. We found that a combination of the
purine and pyrimidine nucleosides inosine and uridine

Figure 4. Autophagy sustains energy homeostasis of Kras-driven tumor cells in starvation. (A) Energy charge of Atg7+/+ or Atg7−/−

TDCLs in RPMI and HBSS. The error bar indicates ±SEM (n = 3). (∗∗∗) P < 0.001, t-test. (B) Concentration of adenosine phosphates
(ATP, ADP, and AMP) of Atg7 wild-type and Atg7-deficient tumor cells in RPMI and HBSS. The error bar indicates ±SEM. n = 3. (∗∗) P
< 0.01; (∗∗∗) P < 0.001, t-test. (C ) Western blot for pAMPK, total AMPK, and β-actin of Atg7 wild-type and Atg7-deficient tumor cells.
(D) The level of adenosine phosphates (ATP, ADP, and AMP) in Atg7 wild-type and Atg7-deficient tumor cells in HBSS or HBSS supple-
mented with 2 mM glutamine. The error bar indicates ±SEM. n = 3. (∗∗∗) P < 0.001, t-test. (E) The energy charge of Atg7+/+ and Atg7−/−

TDCLs in HBSS without or with 2 mM glutamine supplementation. The error bar indicates ±SEM. n = 3. (∗∗∗) P < 0.001, t-test.
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partially rescued starvation survival, and, more impres-
sively, adenosine, guanosine, and uridine together fully
rescued survival in starvation (Fig. 5D). This combination
of nucleosides also rescued energy charge (Fig. 5E) and to-
tal nucleotide pools (Fig. 5F). Thus, in starvation, autoph-
agy deficiency results in total nucleotide pool depletion,
and restoration of nucleotide pools by supplementation
with nucleosides rescues survival.

Mechanisms underlying rescue by glutamine
or nucleosides

In yeast, adenosine deaminase actively catabolizes AMP
during times of energy stress. This transiently buffers
energy charge but in the long term can result in fatal nu-
cleotide depletion (Walther et al. 2010). Subsequent catab-
olism of the resulting IMP can yield ribose phosphate, a
potential energy substrate. Other nucleotide monophos-
phates can be similarly degraded to release ribose phos-
phate (Fig. 6A; Walther et al. 2010; Xu et al. 2013).
Upon supplementation of the starving cells with nucle-

osides, in addition to restoration of energy charge and nu-
cleotide pools (Fig. 5E,F), we observed accumulation of

nucleic acid bases and partial rescue of pentose phosphate
and glycolytic intermediate levels (Fig. 6B,C). While the
extent of the rescue was more complete in wild-type
than in autophagy-deficient cells, it was significant also
in autophagy deficiency (Fig. 6C). However, the supple-
mentation of nucleosides in starvation did not rescue
the TCA cycle intermediates (Supplemental Fig. S6A)
and the decreased mitochondria respiration (Supplemen-
tal Fig. S6B). Thus, in starvation, falling energy charge re-
sults in accumulation of nucleotide monophosphates,
which are substrates for catabolism into bases plus pen-
tose phosphate intermediates (Fig. 6B,C). Such catabolism
can help maintain energy charge by both clearing AMP
and providing central carbon intermediates. If the supply
of nucleosides is copious (e.g., due to their supplementa-
tion), it enables starvation survival even in the absence
of autophagy. However, without a persistent nucleoside
supply, it results in nucleotide pool depletion and cell
death.
A common feature of nucleosides, glutamine, and gluta-

mate—the supplements that rescued starvation survival
in autophagy-deficient tumor cells—is that each provides
both carbon and nitrogen and can support nucleotide

Figure 5. Autophagy sustains nucleotide pools in starvation. (A) The concentration of nucleoside phosphates inAtg7wild-type andAtg7-

deficient tumor cells in RPMI and HBSS (4 h). The error bar indicates ±SEM. n = 3. (∗∗∗) P < 0.001, t-test. (B) The level of nucleotide deg-
radation products in Atg7+/+ and Atg7−/− TDCLs in RPMI and HBSS (4 h) without or with glutamine supplementation. The error bar in-
dicates ±SEM. n = 3. (∗∗∗)P < 0.001, t-test. (C ) The concentration of nucleoside phosphates inAtg7wild-type andAtg7-deficient tumor cells
in HBSS (4 h) without or with 2 mM glutamine supplementation. (D) The clonogenic survival assay shows that nucleoside supplementa-
tion (2mMeach) rescued starvation-inducedAtg7-deficient cell death. Treated cells were recovered for 3 d by replacingHBSSwith normal
RPMI medium after 1 d of starvation. (U) Uridine; (A) adenosine; (G) guanosine; (I) inosine. (E) The energy charge of Atg7+/+ and Atg7−/−

TDCLs afterHBSS (4 h)without orwith nucleoside supplementation (2mMeach). (F ) The concentration of nucleoside phosphates inKras-
driven tumor cells after HBSS (4 h) without or with nucleoside supplementation (2 mM each).
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synthesis (Fig. 6D). Indeed, upon glutamine supplementa-
tion of starving cells, we observed flux into the pyrimidine
precursor aspartate and pyrimidine end product uridine
nucleotides (Fig. 6E). These observations further reinforce
the critical role of maintenance of nucleotide pools in the
survival of autophagy-deficient cells.

Discussion

It has been generally thought that autophagy may main-
tain cancer cell metabolism by protein and organelle qual-
ity control and intracellular recycling functions, although
data to support this are lacking. By sequencing the

Figure 6. Mechanisms underlying rescue of starvedAtg7-deficient tumor cells by glutamine or nucleosides. (A) Schematic of nucleotide
degradation and ribose salvage for energy generation. (B) The level of substrates fromnucleotide degradation inHBSS (4 h) in the absence or
presence of nucleoside supplementation (2mMeach). The error bar indicates ±SEM. n = 3. (∗∗∗) P < 0.001, t-test. (C ) Nucleoside addition in
HBSS partially rescues levels of glycolytic and PPP intermediates. The error bar indicates ±SEM. n = 3. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P <
0.0001, t-test. (D) The schematic of carbon atom transitions and tracers shows that glutamine contributes three carbons for de novo py-
rimidine synthesis. (E) The [U13C5]-Gln tracer study shows increased glutamine flux to aspartate and uridine phosphates (M+3) in Atg7-
deficient tumor cells compared with wild type in HBSS (4 h). (F ) Model depicting how autophagy sustains energy charge and nucleotide
pools to enable the survival of Kras-driven tumor cells in starvation. Glutamine and nucleoside supplementation (green) is sufficient to
maintain energy and nucleotide pools to prevent the death of Atg7−/− TDCLs in starvation.
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mitochondrial genomes fromAtg7wild-type andAtg7-de-
ficientKras-driven lung tumors derived from aGEMM for
NSCLC (Guo et al. 2013), we demonstrated for the first
time that autophagy suppresses allelic variation in themi-
tochondrial genome. Since the error rate of sequencing is
0.1% and there are hundreds of mtDNA molecules per
cell, we cannot differentiate de novo mutations from alle-
lic drift. The fact that two mitochondrial allele variants
were found in two samples at a high frequency in compar-
ison with normal lungs suggests that the variants may be
pre-existing at very low allele frequency or that they are
mutational hot spots.
Elimination of entire mitochondria by a specialized

form of autophagy, mitophagy, is a major mechanism of
mitochondrial quality control (Youle and Narendra
2011). Depolarization of the mitochondrial outer mem-
brane is thought to trigger the PINK1/Parkin system to
eliminate dysfunctional mitochondria. All of the mito-
chondrial genome variants that we observed at increased
levels in Atg7-deficient tumors are not pathogenic and
thus are not expected to produce mitochondrial mem-
brane depolarization and trigger mitophagy.
In contrast, Parkin deficiency and the resulting impair-

ment of mitophagy in mice cause mitochondrial dysfunc-
tion and pathogenicity but do not increase the levels of
mtDNA somatic mutations on the background of the
high mutational burden in the mitochondrial genome in
Mutator mice (Pickrell et al. 2015). This suggests that fail-
ure to cull mitochondrial genome mutations is not the
cause of pathogenicity due to loss of Parkin-mediated mi-
tochondrial clearance, similar to what we report here for
Atg7-deficient tumors. As we did detect increased allelic
variation in the mitochondrial genome in Atg7-deficient
tumors, this could be caused by a more complete block
of autophagy with Atg7 compared with Parkin deficiency
or by an increased rate of variant detection. Note also that
each lung tumor arises from amplification of a clone de-
rived from a single cell, which may increase the sensitiv-
ity of mtDNA variant detection. Regardless of the origins
of these mitochondrial genome variants in Atg7-deficient
tumors, they do not represent the underlying cause of
metabolic and growth impairment.
Another proposed critical function of autophagy is the

degradation and recycling of intracellular components
into metabolic pathways to sustain survival in starvation.
By stably labeling cellular macromolecules of Atg7 wild-
type and Atg7-deficient tumor cells followed by a chase
with unlabeled medium and then starvation, we were
able to demonstrate for the first time that autophagy
does recycle macromolecules into metabolism. Interest-
ingly, autophagy-mediated recycling induced by starva-
tion was not uniform and ubiquitous. Isotope tracing
demonstrated that autophagy supplies substrates to sus-
tain levels of amino acids, pentose phosphate intermedi-
ates, UDP-glucose, glycerol phosphate, and α-KG
through intracellular recycling. Among these substrates,
glutamine and glutamatewere critical to feed the TCA cy-
cle to maintain mitochondrial function, and their exoge-
nous supplementation enables survival of Atg7-deficient
Kras-driven tumor cells in starvation. In addition, Atg7-

null cell death was recused by proline supplementation
in starvation, likely because proline is metabolized to glu-
tamate. Another interesting finding was the observation
of some recycling even in Atg7-deleted tumor cells, sug-
gesting that other pathways also contribute to recycling.
These could include the proteasome pathway and other
autophagy-independent mechanisms to deliver macro-
molecules to lysosomes for degradation.
Further 13C isotope tracing studies comparing Atg7

wild-type and Atg7-deficient tumor cells identified three
metabolic pathways distinctly altered by the absence of
autophagy. First, glutamine was the major carbon source
replenishing mitochondrial TCA cycle intermediates in
starvation that was indispensable for mitochondrial respi-
ration and energy homeostasis, eventually preventing nu-
cleotide degradation and cell death. Second, glutamine
metabolismwas required to sustain redox balance and pre-
vent ROS production. Third, glutamine maintained func-
tional mitochondrial respiration for aspartate synthesis,
whichwas indispensable for de novo nucleotide synthesis.
However, defective autophagy limits substrate supply to
mitochondria, resulting in increased ROS production, re-
duced energy charge, and depletion of nucleotides (Fig. 6F).
In proliferating cells, maintaining functional mitochon-

drial respiration is essential for aspartate synthesis, which
is used for protein and nucleotide synthesis (Birsoy et al.
2015; Sullivan et al. 2015). In starvation, Kras-driven tu-
mor cells depend on glutamine to maintain aspartate lev-
els. Aspartate was one of the substrates significantly
supplied by Atg7-dependent recycling in starvation. Al-
though aspartate supplementation did not rescue survival
in starvation, the lack of aspartate transport across the
plasma membrane prevented aspartate uptake (Birsoy
et al. 2015). Thus, cells are generally dependent on de
novo aspartate synthesis (Birsoy et al. 2015; Sullivan
et al. 2015) and, evidently, aspartate generated by autoph-
agy and recycling of intracellular components (Fig. 1C).
Metabolic reprogramming is a characteristic of cancer

cells that enables proliferation and survival. Kras-driven
tumor cells depend on the autophagy substrate glutamine
and its derivatives to sustainmitochondriametabolism to
survive starvation. To compensate, Atg7-deficient tumor
cells significantly increase glutamine uptake and flux to
the TCA cycle, de novo nucleotide synthesis, and
NADPHgeneration by up-regulating flux frommalate, py-
ruvate, acetyl-CoA, and citrate for antioxidant defense.
Kras-driven pancreatic tumor cells are similarly depen-
dent onNADPHgeneration for redox balance and survival
(Son et al. 2013),
In response to energy crisis, high cellular AMP activates

AMPK (Faubert et al. 2015). Upon starvation, we found
significantly reduced ATP and increased AMP levels cor-
relating with accelerated and more robust AMPK activa-
tion in Atg7-deficient tumor cells compared with wild
type. This is consistent with autophagy sustaining energy
homeostasis during starvation.
Total nucleotide pools were dramatically depleted in

Atg7-deficient tumor cells in starvation, likely due to in-
sufficient substrates for denovonucleotide synthesis or in-
creased nucleotide degradation. The increased glutamine
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flux to nucleotide synthesis in Atg7-deficient tumor cells
suggests that substrate limitation is one reason for nucleo-
tide pool depletion.We also observed that autophagy-defi-
cient cells up-regulated nucleotide degradation. This
could be a strategy for Ras-driven cancer cells to remove
excess AMP to maintain energy charge, which is critical
for metabolic homeostasis (Walther et al. 2010). As a re-
sult, increased consumption and defective restoration of
nucleotides in autophagy-deficient cells lead tonucleotide
pool depletion and lethality. Nucleoside supplementation
was sufficient to sustain energy charge and nucleotide
pools and rescue starvation-inducedAtg7-deficient tumor
cell death. Therefore, autophagy plays a critical role in pre-
venting fatal nucleotide pool depletion.

Nucleotides are nitrogen-rich molecules, and nucleo-
tide triphosphate levels are maintained through carbon
burning. Therefore, long-term support of total nucleotide
pools requires both carbon and nitrogen, consistent with
the superiority of glutamine and glutamate, as compared
with pure carbon substrates, in enabling autophagy-defi-
cient starvation survival.

We observed that nucleoside supplementation partially
rescued levels of pentose phosphate intermediates, which
feed into the pentose phosphate pathway downstream
from theNADPH-producing steps. Thus, the ability of nu-
cleosides to support starvation survival indicates that
NADPH production is not limiting in this context.

The autophagydependencyof some tumorshas elevated
the concept of autophagy inhibition as a cancer therapy
(White et al. 2015).Here,we identified howautophagy pro-
motes the survival of Kras-driven lung tumor cells during
starvation: Autophagy provides substrates for mitochon-
drialmetabolismto avert energy crisis and fatal nucleotide
pool depletion (Fig. 6F). Although human cancer cell lines
can be selected to tolerate autophagy deficiency (Eng et al.
2016), our findings reveal that up-regulation of glutamine
flux to aspartate and nucleotide synthesis is one compen-
satory adaptation to loss of autophagy. Therefore, inhibit-
ing autophagy, glutamine-mediated metabolic pathways,
mitochondrial respiration, or nucleotide synthesis to
deplete nucleotide pools is a potential therapeutic strategy
forKras-driven lung cancers.Aswithmostotherapproach-
es to cancer therapy, however, inherent resistancemecha-
nisms are prevalent. Autophagy has been reported to
support the growth of different tumors driven by distinct
oncogenic events and originated from different tissues
(White et al. 2015). Future work should clarify whether
the autophagy-mediated metabolic pathways identified
in Kras-driven lung cancer can be generalized to other
cancers. As autophagy-related proteins are also involved
in nonautophagic functions (Subramani and Malhotra
2013), it will be interesting to assess the role of other
ATGs in metabolic recycling and cancer metabolism.

Materials and methods

mtDNA isolation, enrichment, ultradeep sequencing, and

bioinformatics data analysis

mtDNA isolated from p53−/−;KrasG12D/+;Atg7+/+ or p53−/−;

KrasG12D/+;Atg7−/− lung tumor samples from GEMMs for

NSCLC were used for mitochondria genome sequencing (N = 8
for each genotype) (Guo et al. 2013). Two normal lung tissues ob-
tained from p53F/F;KrasG12D/+;Atg7+/+ or p53F/F;KrasG12D/+;
Atg7F/F mice without adenovirus-Cre infection were controls
(Guo et al. 2013).
Library preparation was carried out using the Agilent SureSe-

lectXT mouse mitochondrial custom enrichment protocol (Agi-
lent Technologies). The barcoded libraries were assessed on an
Agilent Bioanalyzer for proper sizing and then quantified using
the KAPA library quantification kit for Illumina sequencing plat-
forms (KAPA BioSystems). Libraries were individually diluted to
a 10 nM concentration and then symmetrically pooled for se-
quencing. Each pool of 16 samples was clustered and sequenced
on an Illumina MiSeq instrument using two 150-base-pair (bp)
paired-end reads, and∼2.6million reads per samplewere obtained
(Supplemental Table S1). Rawsequencing datawere processed us-
ing the standard Illumina pipeline. Detailed bioinformatics data
analysis is in the Supplemental Material.

Cell culture and reagents

Kras-driven TDCLs were generated from p53−/−;KrasG12D/+;

Atg7+/+ or p53−/−;KrasG12D/+;Atg7−/− lung tumors and cultured
in RPMI 1640 medium containing 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin, and 1% sodium bicarbonate
at 38.5°C with 8.5% CO2 (Guo et al. 2013).
For starvation assays, HBSS without glucose was used to main-

tain pH and osmotic balance as well as provide cells with water
and essential inorganic ions.
Glutamine, pyruvate, dimethyl-α-KG, uridine, adenosine, gua-

nosine, inosine, and NAC were purchased from Sigma-Aldrich.
[U13C5]-Gln, [U13C6]-Glc, and other 13C and 15N uniformly la-
beled amino acids were purchased from Cambridge Isotope
Laboratories.
pAMPK and AMPK antibodies were purchased from Cell Sig-

naling. β-Actin antibody was purchased from Sigma-Aldrich.

Clonogenic survival assays

TDCLs were seeded in 12-well plates in normal growth medium
(RPMI). The following day, whenTDCLswere at 80% confluence
in the well, RPMI was removed and replaced with HBSS for 20 h
or for the indicated time. TDCLs were then returned to normal
medium for 3 d, fixed with cold methanol for 10 min, and stained
with Giemsa (Sigma-Aldrich).

Assessment of oxygen consumption rate (OCR)

OCRof TDCLswasmeasured using a Seahorse Biosciences extra-
cellular flux analyzer (XF24) as described previously (Guo et al.
2011). Cells were seeded at 3 × 104 cells forAtg7wild-typeTDCLs
and 2.5 × 104 cells per well for Atg7-deficient TDCLs to accom-
modate cell volume differences in the XF24 plates overnight prior
to XF assay. Real-time OCR measurements were performed in
RPMI, HBSS, HBSS with 2 mM glutamine, or 1 mM dimethyl-
α-KG for 3 h, and measurements were taken every 15 min. Rela-
tive OCR (percentage) was normalized to the 0-min time point.

Glutamine and glucose consumption rate assay

Tomeasure the glutamine and glucose consumption rate in nutri-
ent-rich conditions, TDCLs were plated at 0.5 × 106 cells per
10-cmdish. The following day, fresh RPMImediumwas replaced,
and medium was collected at 0, 5, 10, 15, 20, and 24 h. The con-
centration of glucose, glutamine, lactate, and ammonium was
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determined using a Nova BioProfile flex analyzer. Cell number
and volume were measured from each time point.
The glucose/glutamine consumption rate rwas obtained by fit-

ting data to the following equation:

dc

dt
=− 2t/dV0r,

where c is the glucose/glutamine concentration in medium, d is
doubling time, and V0 is the cell volume at time 0.
To measure the glutamine consumption rate in HBSS, TDCLs

cells were plated at 2 × 106 cells per 10-cm dish overnight to reach
80% confluence. The following day, medium was replaced
with HBSS + 2 mM glutamine and collected at 0, 5, 10, and
15 h. Concentrations of glutamine and ammonium were deter-
mined using a Nova BioProfile flex analyzer, and the glutamine
consumption rate was calculated as described above.

Assessment of ROS levels

TDCLs were seeded in 12-well plates (0.07 × 106 cells per well) in
normal growth medium (RPMI) overnight. The following day,
cells were treated with normal growth medium (RPMI), HBSS,
HBSS with glutamine supplementation, or HBSS with NAC sup-
plementation for 4 h. Cells were then stained with 10 µM 2′-7′-
dichlorodihydrofluorescene diacetate (DCFDA; Molecular
Probes) for 20 min and analyzed by flow cytometry (BD influx
cell sorter, BD Biosciences).

Metabolomic analysis by LC-MS

Solublemetabolites fromAtg7+/+ andAtg7−/−TDCLs (two clones
each analyzed in triplicate) in RPMI, HBSS, HBSS + 2 mM gluta-
mine, HBSS + 2 g/L glucose, or HBSS + 2 mM nucleosides (for
each U, A, and G) for 4 h were quickly washed twice with PBS
to exclude floating dead cells and then extracted in 2 mL of
−80°C 80:20 methanol:water. Insoluble pellets were re-extracted
twice with 0.5 mL each of 80:20 methanol:water for 5 min on dry
ice. The supernatants from the three rounds of extraction were
combined, dried under N2, and reconstituted in LC-MS-gradewa-
ter. The samples were analyzed using reversed-phase ion-pairing
chromatography coupled by negative mode electrospray ioniza-
tion to a stand-alone Orbitrap mass spectrometer (Thermo Scien-
tific) scanning from m/z 85−1000 at 1 Hz at 100,000 resolution
with LC separation on a Synergy Hydro-RP column (100 mm×
2 mm, 2.5-µm particle size; Phenomenex) using a gradient of sol-
vent A (97:3 H2O/MeOHwith 10mM tributylamine, 15mMace-
tic acid) and solvent B (100% MeOH) (Lu et al. 2010). Data were
analyzed using Maven software (Melamud et al. 2010). The re-
sults are adjusted for natural 13C abundance and enrichment im-
purity of labeled substrate supplied to cells.
To analyze glucose and glutamine flux into metabolic path-

ways in steady state, TDCLs were cultured in RPMI medium
with [U13C5]-Gln or [U13C6]-Glc for 3 d and then changed to fresh
labeled medium 2 h before extraction. Water-soluble metabolites
were then extracted and analyzed as described above.
For kinetic incorporation rates of glucose or glutamine into

metabolic pathways in normal growth conditions, TDCLs were
cultured in RPMI medium with [U13C5]-Gln or [U13C6]-Glc, and
soluble metabolites were extracted at the indicated time points
and analyzed by a LC-MS system as described above.
To analyze glutamine flux into metabolic pathways in starva-

tion, TDCLs were cultured in HBSS with 2 mM isotope
[U13C5]-Gln for 4 h, and soluble metabolites were then extracted
and analyzed as described above.

All the pool size data were normalized to the cell volume mea-
sured using TPP cell-counting PVC tubes (Midwest Scientific,
Inc.). Statistical significance was calculated by Student’s t-test
with false discovery rate (FDR) correction (Atg7 wild-type vs.
Atg7-deficient TDCLs). In the figures, error bars indicate ±SEM,
n = 3, one asterisk indicates P < 0.05, two asterisks indicate
P < 0.01, and three asterisks indicate P < 0.001.

Assessment of nucleoside phosphate concentration

Absolute concentrations of nucleotides were determined follow-
ing a protocol modified from a previous report (Bennett et al.
2008). Specifically, TDCLs were cultured in [U13C6]-Glc for 3 d
and then changed to fresh medium for 2 h or HBSS for 4 h.
Water-soluble metabolites were extracted and measured as de-
scribed abovewith spiked-in known amounts of unlabeled nucle-
otide standards (Sigma-Aldrich) before drying under N2 flow.

Assessment of autophagy-mediated substrate recycling

Kras-driven Atg7 wild-type and Atg7-deficient TDCLs were cul-
tured in customized RPMI medium with uniformly 13C-labeled
and 15N-labeled amino acids and 13C-labeled glucose for 3 d to la-
bel endogenous components, including proteins andmetabolites.
This was followed by a chase with unlabeled RPMI medium for
3 h to replace labeled with unlabeled metabolites. The cells
were then subjected toHBSS starvation for 4 h.Water-solubleme-
tabolites were extracted and examined by LC-MS as described
above after 3 d of labeling (R0), after 3 h of chase (R3), and after
4 h of starvation (H4). Evidence of recycling was determined by
normalizing H4 to R3 (H4/R3). Statistical significance was calcu-
lated by Student’s t-test with FDR correction by comparing label-
ing percentages in starvation between Atg7 wild-type and Atg7-
deficient cells.
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