Autophagy suppresses progression of
K-ras-induced lung tumors to oncocytomas
and maintains lipid homeostasis
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Macroautophagy (autophagy hereafter) degrades and recycles proteins and organelles to support metabolism and
survival in starvation. Oncogenic Ras up-regulates autophagy, and Ras-transformed cell lines require autophagy

for mitochondrial function, stress survival, and engrafted tumor growth. Here, the essential autophagy gene

autophagy-related-7 (atg7) was deleted concurrently with K-ras

GI2D 4ctivation in mouse models for non-small-

cell lung cancer (NSCLC). atg7-deficient tumors accumulated dysfunctional mitochondria and prematurely
induced p53 and proliferative arrest, which reduced tumor burden that was partly relieved by p53 deletion. atg7
loss altered tumor fate from adenomas and carcinomas to oncocytomas—rare, predominantly benign tumors
characterized by the accumulation of defective mitochondria. Surprisingly, lipid accumulation occurred in atg7-
deficient tumors only when p53 was deleted. atg7- and p53-deficient tumor-derived cell lines (TDCLs) had
compromised starvation survival and formed lipidic cysts instead of tumors, suggesting defective utilization of
lipid stores. atg7 deficiency reduced fatty acid oxidation (FAQ) and increased sensitivity to FAO inhibition,
indicating that with p53 loss, Ras-driven tumors require autophagy for mitochondrial function and lipid
catabolism. Thus, autophagy is required for carcinoma fate, and autophagy defects may be a molecular basis for
the occurrence of oncocytomas. Moreover, cancers require autophagy for distinct roles in metabolism that are

oncogene- and tumor suppressor gene-specific.

[Keywords: autophagy; K-ras; NSCLC; metabolism; mitochondria; oncocytoma; p53; fatty acid oxidation]

Supplemental material is available for this article.

Received April 10, 2013; revised version accepted June 3, 2013.

Autophagy captures, degrades, and recycles intracellular
components in lysosomes to maintain protein and organ-
elle quality and provide metabolic and synthetic sub-
strates for cell growth and homeostasis (Kuma et al. 2004,
Suzuki et al. 2011). Autophagy cargo includes aggregated
proteins and organelles, particularly mitochondria, the
accumulation of which in autophagy-deficient cells and
tissues is toxic. Thus, autophagy is critical for homeo-
stasis due to important roles in metabolism, organelle
function, and proteotoxic waste removal.
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Essential autophagy genes were first identified in yeast
by virtue of their requirement for survival to nitrogen
starvation (Tsukada and Ohsumi 1993; Suzuki et al.
2011). Starvation survival provided by autophagy-medi-
ated cellular self-catabolism and recycling is a function
conserved from yeast to mammals. Analogous to yeast,
basal autophagy levels are low but are robustly induced
by starvation in mice, and those deficient for the essential
autophagy gene autophagy-related-5 (atg5) fail to survive
the neonatal starvation period, and their tissues display
signs of metabolic impairment (Kuma et al. 2004).
Autophagy is clearly essential for normal cells and tissues
by conferring metabolic stress tolerance during interrup-
tions in nutrient availability.
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Normal cells require autophagy to eliminate damaged
mitochondria and other dysfunctional or superfluous or-
ganelles, which maintains the pool of functioning organ-
elles, contributes substrates to metabolic pathways, and
limits sources of toxic reactive oxygen species (ROS) such
as damaged mitochondria. Autophagy also degrades aggre-
gated proteins, particularly the autophagy cargo receptor
and substrate p62/SQSTMI1. The combination of p62
accumulation and aggregation is toxic, promotes oxidative
stress, activates the DNA damage response, and causes
tissue damage, cell death, and inflammation. Damage
induced by p62 accumulation is particularly severe with
autophagy ablation in liver and pancreas (Mathew et al.
2009; Komatsu et al. 2010; Li et al. 2013). Autophagy
defects also cause neurodegeneration and muscle damage
associated with defective protein and metabolic homeo-
stasis, although the mechanisms responsible are specifi-
cally unknown (Itakura and Mizushima 2011).

Given the broad functional role of autophagy in protein
and organelle quality control and metabolic homeostasis,
it is not surprising that the role for autophagy in cancer
appears context-dependent (White 2012). On the one
hand, in settings in which autophagy defects promote
chronic oxidative stress, tissue damage, and inflamma-
tion, the resulting genetic instability can promote cancer
initiation in mouse models (Karantza-Wadsworth et al.
2007; Mathew et al. 2007; Takamura et al. 2011; White
2012), and in this context, autophagy can be tumor-
suppressive. On the other hand, autophagy can promote
tumor cell stress tolerance and survival, and in this con-
text, autophagy can be tumor-promoting (White 2012).
For example, tumor cells activate autophagy in hypoxic
tumor regions where it is required for tumor cell
survival, suggesting that autophagy inhibition may be
an approach to sensitize tumor cells to metabolic stress
(Degenhardt et al. 2006; Mathew et al. 2007; Rabinowitz
and White 2010; Amaravadi et al. 2011; White 2012).
Exploitation of autophagy modulation for either cancer
prevention or therapy requires a specific understanding
of the role of autophagy in the context of the microen-
vironment, therapeutic stress, and differing tissue phys-
iology and upon the occurrence of distinct oncogenic
events.

One oncogenic event that creates autophagy depen-
dence is activation of Ras oncogenes. Autophagy is up-
regulated in cancer cell lines with activating mutations in
Ras and is required for growth, stress tolerance, and
tumorigenesis (Lock et al. 2010; Guo et al. 2011; Yang
et al. 2011). Autophagy impairment in these settings
causes the accumulation of defective mitochondria, de-
pletes key tricarboxylic acid cycle metabolites, sup-
presses mitochondrial respiration, and decreases energy
charge. Autophagy may both maintain the pool of mito-
chondria and provide metabolic and biosynthetic sub-
strates necessary for tumorigenesis (Rabinowitz and
White 2010; Guo et al. 2011; Yang et al. 2011; White
2012). Ras-driven cancers are more autophagy-dependent
than normal cells for survival to nutrient starvation,
perhaps because Ras renders mitochondrial health par-
ticularly dependent on autophagy. Ras-driven cancers
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may thereby be susceptible to autophagy inhibition
therapy (Kimmelman 2011; White 2012).

To examine the role of autophagy in Ras-driven cancers
in a physiological setting, we used genetically engineered
mouse models (GEMMs) of non-small-cell lung cancer
(NSCLC). An oncogenic allele of Ras was spontaneously
activated in the lung, and tumors arose and progressed
in the context of a functional immune system. atg7 was
either intact or deleted in tumor cells to assess its
functional contribution to tumor initiation and progres-
sion from hyperplasia to adenomas to adenocarcinomas.
Mice were also engineered to additionally delete the p53
tumor suppressor gene in tumor cells, which alters
metabolism (Cheung and Vousden 2010; Goldstein and
Rotter 2012) and accelerates progression to adenocar-
cinoma (Jackson et al. 2005), potentially influencing
autophagy.

Here we report that atg7 deficiency in tumors arising in
a GEMM for K-ras“'?P.driven NSCLC accelerated in-
duction of p53, suppressed proliferation, and markedly
blunted tumor growth. Deficiency in atg7 in tumors
caused tumor cells to accumulate defective mitochon-
dria, and progression of tumors was diverted from adeno-
mas and carcinomas to more benign oncocytomas, in-
dicating that the functional status of autophagy dictates
tumor fate. Despite the reduced tumor burden caused by
atg7 deficiency, overall mouse survival was not increased
because mice bearing atg7-null and deteriorating tumors
died from desquamative interstitial pneumonia instead of
cancer. While compound deletion of p53 partially re-
lieved suppression of tumor cell proliferation with atg7
loss, tumors still incurred a proliferative block, accumu-
lated defective mitochondria, and progressed to oncocy-
tomas, which increased overall survival. Without p53,
atg7 deficiency caused tumor cells to accumulate lipids,
attributed to defective mitochondrial fatty acid oxidation
(FAO). This suggests that mitochondrial function main-
tained by atg7 is critical for the metabolism and growth of
Ras-driven NSCLC.

Results

Autophagy deficiency reduces K-ras-driven Iung tumor
burden

To test whether autophagy blockade suppressed tumori-
genesis in spontaneously arising Ras-driven cancers in an
immune competent setting, the LSL-K-ras®’?? GEMM
for human NSCLC (Jackson et al. 2001) was crossed to
atg71o/Mox mice possessing a conditional deficiency in
atg7 (Komatsu et al. 2005). Initiation of tumorigenesis by
K-ras®1?P/* activation without and with atg7 deletion
was achieved by intranasal delivery of adenovirus-Cre to
K-ras®1?P"*,atg7*"* and K-ras1?P"*;atg 7°*/M°% mice. atg7
deletion and loss of Atg7 protein expression only in tumor
cells and not in stroma throughout tumorigenesis was
confirmed by immunohistochemistry (IHC) at 14 and 42
wk (Supplemental Figs. S1A, S8A), Western blot (Supple-
mental Fig. S1B), and PCR (data not shown), and tumors
were positive for surfactant apoprotein-C (surfactant C



protein [SP-C]) and negative for Clara cell antigen (Clara
cell secretory protein promoter [CCSP]) (Supplemental
Fig. S1C).

Autophagy was low in normal lungs (K-ras*/*;atg7*'*),
indicated by a high level of microtubule-associated pro-
tein light chain 3-I (LC3-I) relative to the processed,
autophagosome-associated LC3-II, whereas K-ras®*2P-
induced tumors had both increased LC3-II levels and
punctation indicative of autophagosome formation (Fig.
1A,B), consistent with up-regulation of basal autophagy
by Ras (Lock et al. 2010; Guo et al. 2011; Yang et al. 2011).
LC3 punctation was less apparent in tumors at 6 wk but
was widespread at 14 wk and increased thereafter, sug-
gesting a time-dependent requirement for autophagy (Fig.
1A; Supplemental Figs. S2A, S8A). atg7 deficiency in
tumors prevented LC3-I processing to LC3-II and caused
accumulation of LC3-I and autophagy substrate p62 in
large aggregates apparent at 6 wk that increased through-
out tumorigenesis (Fig. 1A,B; Supplemental Figs. S2A,B,
S8AJ. Abundant autophagosomes in K-ras®?P’*atg7*"*
but not in K-ras®*?P*,atg7~/~ tumors were confirmed by
electron microscopy (Fig. 2B). The timing of autophago-
some appearance in atg7** tumors and autophagy sub-
strates in atg7~/~ tumors suggested that autophagy be-
comes critical at 6-14 wk and progressively thereafter.

Sporadic atg7 loss in normal lung (K-ras*’*) did not alter
lung histology (Supplemental Fig. S3). Functional autophagy
status did not alter K-ras®*?P-induced tumorigenesis prior
to 10 wk based on gross lung pathology, quantification of
tumor numbers, wet lung weight, and histological tumor
burden (Fig. 1C-F; Supplemental Figs. S2C, S3). The burden
of atg7-deficient tumors from 14 to 18 wk was half that of
wild type (Fig. 1E,F; Supplemental Fig. S3). Tumor burden
assessed by microcomputed tomography (micro-CT) in in-
dividual mice followed over time also demonstrated reduced
tumor growth and more lung airspace with atg7 deletion
compared with wild type (Fig. 1G,H).

Autophagy deficiency converts adenomas
and carcinomas to oncocytomas

Wild-type and atg7-deficient tumors were histologically
similar at 2-6 wk, and both developed hyperplasia that
progressed to adenoma (Fig. 2A). atg7 wild-type tumors
progressed to adenocarcinomas, where natural acquisi-
tion of p53 mutations enables progression (Jackson et al.
2001). In contrast, beginning at 6-10 wk, all atg7-de-
ficient adenomas progressed to low-grade, papillary, onco-
cytic neoplasms or oncocytomas composed of tumor cells
with a swollen, grainy eosinophilic cytoplasm (oncocytes)
(Fig. 2A). At later times (18-42 wk), many of the atg7-
deficient tumors disintegrated, causing tumor atrophy
(Fig. 2A; Supplemental Fig. S8A). Reduction of atg7-
deficient tumor burden was coincident with reduced
proliferation (Ki67) and decreased levels of phospho-
MEK1/2 (P-MEK1/2) and P-ERK1/2 and p53 and p21
induction, compared with wild-type tumors (Fig. 1I; Sup-
plemental Figs. S4A-C, S5A-C), suggesting that inhibition
of tumor cell proliferation upon atg7 deletion is the main
cause of reduced tumor burden. Senescence-associated
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B-galactosidase-positive cells were similarly observed in
both atg7** and atg7 '~ tumors (Supplemental Fig. S6),
indicating that senescence did not cause atg7~/~ tumor
proliferation defect or atrophy. Death of atg7-deficient
tumor cells was morphologically necrotic without acti-
vation of caspase-3 (Fig. 2A, arrows; Supplemental Figs.
S6B, S8A, arrows) and was coincident with DNA damage
response activation (y-H2AX-positive) (Supplemental Fig.
S7). atg7-deficient tumors accumulated morphologically
abnormal mitochondria (Fig. 2B; Supplemental Fig. SSC)
and had increased staining for the mitochondrial marker
Tom20 (Fig. 2C). Enzymatic activity for cytochrome c
oxidase, an essential component of electron transport
chain complex IV that is commonly defective in oncocy-
tomas (Gasparre et al. 2011), was decreased in atg7/-
deficient compared with wild-type tumors (Fig. 2D). Thus,
atg7 deficiency in lung tumors causes adenomas and
carcinomas to progress to oncocytomas.

Inflammation, not tumor burden, causes death of mice
with atg7-deficient tumors

Although atg7 deficiency in K-ras lung tumors reduced
tumor burden by half, there was, surprisingly, no overall
survival advantage (Fig. 3A). At 42 wk after tumor initia-
tion, the lungs of mice with atg7*/* tumors were enlarged
with increased wet lung weight and tumor burden in
comparison with lungs bearing atg7-deficient tumors
(Fig. 3B-D). The sustained reduction in tumor burden at
42 wk caused by atg7 deficiency also correlated with
further accumulation of LC3, p62, and abnormal mito-
chondria (Supplemental Fig. S8A,C). Since there was no
evidence of metastasis, this suggested that tumor-specific
atg7 deficiency caused death by means other than cancer.

Histological analysis of lungs at 42 wk (Fig. 3E; Sup-
plemental Fig. S3) revealed large atg7*/* tumors sur-
rounded by airspace, whereas lungs bearing smaller
atg7~/~ tumors lacked airspace due to fulminant crystal-
line macrophage and lymphocyte infiltration, typical of
murine pneumonia (Hoenerhoff et al. 2006), resembling
desquamative interstitial pneumonia. Between 18 and 42
wk, crystalline intra-alveolar macrophage infiltration
was observed in 63% of mice with atg7/~ tumors
compared with 12% of mice with atg7*/* tumors (Fig.
3F). At 42 wk, the lung area occupied by macrophages/
tumor was 7%/13% in mice with atg7/~ tumors, com-
pared with 0.6%/28% in mice with atg7*/* tumors (Fig.
3D-F). Macrophages expressed Atg7, indicating that their
accumulation was not due to autophagy defect (data not
shown). Macrophages were CD68-positive and contained
crystals of YM1 (Chi3L3) protein (Fig. 3E,G; Supple-
mental Fig. S8B), common features of murine infection-
induced pneumonia or trauma-induced inflammation
(Hoenerhoff et al. 2006). YM1 is a chitinatase-like protein
secreted by activated macrophages during infection and
traumatic injury, and its presence is associated with
tissue damage, repair, and remodeling (Lee et al. 2011).
YM1 was detected only in atg7/~ tumor tissue at 18 wk
and thereafter, subsequent to manifestation of autophagy
defects in tumor cells (Fig. 3G).
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Figure 1. Atg7 deletion in K-ras-driven lung tumors blocks autophagy and reduces lung tumor size. (A) Representative IHC staining for LC3
and p62 in 14-wk-old tumors. Red arrows in K-ras®?P"*;atg7** tissue point to autophagosomes, and black arrows in K-ras®*?P*;atg7 '/~ tissue
point to LC3 or p62 aggregates. (B) Western blot of LC3-I-to-LC3-II processing and p62 accumulation in tumors at 18 wk after tumor
initiation. Numbers identify individual mice. (C) Representative gross lung pathology (n = 5 mice for each time point in K-ras2P/*
mice). (D) Graph of wet lung weight from C. The error bars represent the SEM; (*) P < 0.05 (t-test). (E) Representative histology (H&E) of
lungs and tumor burden at the indicated times (1 = 3 mice for each time point in K-ras“’??* mice). Full scans of all lobes are shown in
Supplemental Figure S3. (F) Quantification of tumor burden from E. The error bar represents the SEM; (*) P < 0.05; (**) P < 0.01 (two-
way ANOVA with Bonferroni post-test). (G) K-ras®'?P"*;atg7*"* and K-ras¢'?""*;atg7~/~ tumor-bearing mice (n = 3 for each time and
genotype) were scanned by micro-CT at the indicated times to monitor lung tumor progression. K-ras**;atg7*/* mice provided a normal
lung control. The number in each panel represents the mouse identification number. The top panels show three-dimensional
reconstruction of mouse lungs. Blue indicates lung airspace. The bottom panels show transverse section of the chest, with increased
white areas indicating tumor. (H) Quantification of normal lung volume from G. Each spot represents an individual mouse. Normal
lung volume decreased faster in mice with K-ras®'?P/*;atg7** tumors compared with those with atg7 deletion. (I) Quantification of
Ki67-positive tumor cells. The error bar represents the SEM; (*) P < 0.05; (**) P < 0.01 (two-way ANOVA with Bonferroni post-test).
Representative images of IHC are shown in Supplemental Figure S5C.

Functional enrichment analysis of the top 1000 most molecular functions related to inflammatory responses
differentially expressed genes in tumor-bearing lung tissue were highly enriched by tumor-specific atg7 deletion (Fig.
compared with normal lung tissue at 18 wk revealed that 3H). Half of the differentially expressed genes increased in
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Figure 2. Atg7 deficiency converts adenomas/carcinomas to oncocytomas and causes accumulation of dysfunctional mitochondrial in
K-ras-driven tumors. (A) Histology of lung tumors shows progression of K-ras®'?P*atg7*/* tumors to adenocarcinomas and of
K-ras®"2P*,qtg7~/~ tumors to oncocytomas. Note the development over time of expansive cytoplasm in oncocytomas and necrotic
cells (arrows) (n = 3 mice for each time point and genotype). (B) Representative electron microscope images of tumors at 18 wk.
(N) Nuclear; (M) mitochondria; (Au-P) autophagosome; (Au-L) autolysosome; (L) lamellar body; (ER) endoplasmic reticulum.

(C) Representative IHC of Tom20 shows accumulation of mitochondria in atg7-deficient tumors. (D) Cytochrome ¢ oxidase activity

in tumors at 25 wk after tumor induction.

atg7-deficient compared with wild-type tumor-bearing
lungs were inflammatory response genes (Fig. 3I). Consis-
tent with macrophage infiltration, cytokine array analysis
of pooled lung tissue (Fig. 3]J; Supplemental Fig. S9) revealed
that macrophage colony-stimulating factor (M-CSF) and
triggering receptor expressed on myeloid cell-1 (TREM-1)
were increased by tumor-specific atg7 /= deletion. Thus,
pneumonia rather than tumor burden caused mortality of
mice bearing K-ras®?P*;atg7~/~ tumors.

Autophagy deficiency reduces Iung tumor burden
and extends life span in the context of p53 deletion

To test whether atg7 deficiency suppressed tumorigenesis
in spontaneously arising oncogenic Ras and p53-deficient
lung adenocarcinomas, the p53™°*/M1°%[SI-K-ras©12P"*
GEMM for human NSCLC (Johnson et al. 2001; Jackson

et al. 2005) was crossed to atg77*"°% mice possessing

a conditional deficiency in atg7 (Komatsu et al. 2005).
Intranasal delivery of adenovirus-Cre induced tumorigen-
esis by K-ras®'2P activation and p53 deletion without and
with atg7 deletion in p537°/M0%.K.ras“12P,atg7+* and
p53/1ox/ox g ragG12D, qrg7HoX/floX mice. atg7 deletion
and loss of Atg7 protein expression only in atg7~/~ tumor
cells was confirmed by IHC at 18 wk (Fig. 4A) and PCR
(data not shown).

Concurrent deletion of p53 in K-ras -induced tumors
increased LC3 puncta formation (Fig. 4A), suggesting that loss
of p53 further increased autophagy compared with p53*/*
tumors. Autophagy was functionally blocked in tumors
with atg7 deletion (p53~/~;K-ras®*?P"*,atg7~/~), indicated
by the accumulation of LC3-I relative to LC3-II compared
with normal lungs (p53**K-ras**;atg7**) and atg7
wild-type tumors (p53 '~ ;K-ras®?P"*;atg7+/*) (Fig. 4B). In

G12D
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Figure 3. Inflammation is the major cause of death of mice bearing K-ras ;atg7~/~ tumors. (A) Kaplan-Meier survival curve of
mice with K-ras*?P* tumors that were atg7*/*, atg7*'~, and atg7~/~ (P> 0.05, log-rank test). (B) Representative gross lung pathology at
42, wk after tumor initiation (n = 4 mice for K-ras®*?P"*;atg7*"*; n = 5 mice for K-ras®*?P**;atg7~/~). (C) Quantification of wet lung
weight from B. (*) P < 0.05 (t-test). (D) Quantification of tumor and crystalline macrophage burden in the lungs at 42 wk (n = 4 mice for
K-ras®'?P*,atg7**, n = 5 mice for K-ras®?P"*;atg7~/~) (t-test). (E) Tumor and lung pathology at 42 wk. The top panels show
representative lung lobes with K-ras®*?P™*,arg7*"* tumors or with inflammation in K-ras“*?""*;atg7~/~ tumor-bearing lungs. Full scans
of all lobes are shown in Supplemental Figure S3. The histology below shows typical adenocarcinoma (atg7*/*) or oncocytoma (atg7 /")
(arrow indicates necrotic cell). Below are representative IHC stainings for the macrophage marker CD68. The bottom panels show
representative tumor with adjacent air sacs in mice with K-ras®*?P’*;atg7*"* tumors or inflammation in K-ras®*?°"*;atg7~/~ tumor-
bearing lungs. The inset panels at right show representative histology and electron microscopy of crystalline macrophages in the lungs
of mice with K-ras®*2P**;atg7~/~ tumors. (F) The table shows the percentage of desquamative interstitial pneumonia in K-ras®*2P"*;atg7+"*
and K-ras<?P*,atg7~/~ mice at the indicated times. (G) Western blot of YM1 in normal lung tissue and tumors. (H) Comparison analysis
of the gene expression data showing pathways and molecular functions most significantly enriched in K-ras®*?"’* lung tumors
compared with normal lung tissue (P = 0.05) (yellow line) by ingenuity pathway analysis. (I) Heat map diagram of differential gene
expression in atg7*/* and atg7 ~/~ tumors compared with normal lung tissue. The bar represents log,-transformed fold change in signal
intensities. (/) Quantification of cytokine expression levels in mouse lungs. Mouse cytokine array panels are shown in Supplemental
Figure S9. (**) P < 0.01; (***) P < 0.001 (t-test).
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Figure 4. atg7 deficiency suppresses p53~/~-K-ras®*?P-driven NSCLC. (A) Representative IHC for Atg7, LC3, and p62 in tumors at 14
wk after tumor initiation. Red arrows are autophagosomes, and black arrows are LC3 or p62 aggregates. (B) Western blot of LC3-I-to-
LC3-II processing and p62 accumulation in tumors at 14 wk after tumor initiation. (C) Representative lung images from tumor-bearing
mice (n = 3 mice for each time point and genotype) by micro-CT scanning. A wild-type (p53*/*;K-ras*’*;atg7*"*) mouse provided
a normal lung reference. The top panels show three-dimensional reconstruction of mouse lungs, with blue indicating airspace. The
bottom panels show transverse section of the chest, with increased white areas indicating tumor. (D) Quantification of normal lung
volume from micro-CT-scanned mice from C. Each spot represents an individual mouse. The error bar represents the SEM; (*) P < 0.05
(t-test). (E) Representative histology (H&E) of lungs and tumor burden at the indicated times (n = 3 mice for each time and genotype).
Full scans of all lobes are shown in Supplemental Figure S10. (F) Quantification of tumor burden from E. The error bar represents the
SEM; (*) P < 0.05; (**) P < 0.01 (two-way ANOVA with Bonferroni post-test). (G) Histology of lung tumors shows a representative
adenocarcinoma in p53~/~;K-ras“1?P*;atg7*"* tumors and oncocytoma in p53~/~;K-ras®*?P’*;atg7~/~ tumors. IHC of Tom20 shows
mitochondrial accumulation in atg7-deficient tumors compared with wild type at 16.5 wk after tumor initiation (n = 3 mice for each
genotype). The complete time course is shown in Supplemental Figure S11. (H) Representative IHC for Ki67 in tumors at 18 wk after
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tumor induction, with quantification below. (I) Kaplan-Meier survival curve of mice with p53~/~;K-ras®"2P* tumors that were atg7*/*

or atg7 '~ (P < 0.01, log-rank [Mantel-Cox] test).

addition to high LC3-II levels, p53~/~;K-ras®'?P"*;atg7+/*-
induced tumors had low levels of the autophagy substrate
P62 (Fig. 4B), consistent with active autophagy. atg7-deficient
tumors accumulated LC3-I and p62 in large aggregates
similarly to tumors without p53 deletion (Fig. 4A,B). Thus,
autophagy is active and important for protein quality control
in NSCLC independent of p53 status.

We then assessed the impact of atg7 deletion on p53~/~
and K-ras®'?P-mediated tumorigenesis. In comparison
with atg7 wild-type tumors, atg7 deletion reduced tumor
burden measured by micro-CT (Fig. 4C,D). There was no
difference in tumor number, but when the tumor area
was quantified in lung cross-sections, atg7 deletion re-
duced tumor burden compared with atg7 wild-type tu-
mors (Fig. 4E,F; Supplemental Fig. S10). Through 16.5 wk,
atg7 wild-type tumors were healthy adenocarcinomas,

whereas those with atg7 deleted progressed to oncocyto-
mas characterized by an expansive cytoplasm with in-
creased Tom20 staining, indicating mitochondrial ac-
cumulation (Fig. 4G; Supplemental Fig. S11). Although
engineered p53 loss greatly accelerated K-ras®!2P-
mediated adenocarcinoma development, oncocytomas
still developed with atg7 deletion (Fig. 4G) similarly to
when p53 is initially intact (Fig. 2A). This also suggests
that the accelerated and sustained induction of p53 in
atg7-deficient tumors (Supplemental Fig. S5A) produces
the proliferative block when p53 is intact.

To determine the cause of reduced tumor burden,
proliferation (Ki67) and apoptosis (active caspase-3) were
assessed. While there was no difference in apoptosis (data
not shown), tumors with atg7 deletion had significantly
fewer proliferating cells compared with those with atg7
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(Fig. 4H). Thus, the primary reason that atg7 loss reduced
tumor burden is decreased proliferation, and although
p53 induction can provide an initial proliferative block,
a second proliferative block is engaged by atg7 deficiency
in tumors without p53.

In contrast to tumors with p53 initially intact where
mouse survival was not impacted by atg7 deletion, in
p53-deleted tumors, death was due to tumor burden even
with atg7 loss. Consistent with slower tumor growth,
deletion of atg7 increased overall mouse survival (P =
0.0035) (Fig. 41). A possible reason for different outcomes
is that, with p53 intact, atg’7 loss causes extensive
oncocyte death and inflammation and that this is pre-
vented by p53 deletion and defective cell death. Nonethe-
less, irrespective of p53 status, atg7 deficiency impairs
Ras-driven tumor growth.

Autophagy deficiency causes lipid accumulation
in p53-deficient tumors

To confirm the accumulation of abnormal mitochondria
characteristic of oncocytomas in atg/-deleted tumors,
electron microscopy was performed. In addition to mor-
phologically abnormal mitochondria, there was the strik-
ing accumulation of lipid droplets in atg7-deficient tumor
cells (Fig. 5A). Oil red O (Fig. 5B,C) or Bodipy staining
(Supplemental Fig. S12) for neutral lipids confirmed lipid
droplet accumulation specifically in tumors with atg7
deletion. Lipid accumulation was dependent on p53 de-
ficiency, since p53**;K-ras“'?P tumors had scant lipid
accumulation that was only slightly elevated by atg7
deficiency (Fig. 5C). Thus, independent of p53 status, atg7
deficiency in NSCLC causes accumulation of abnormal
mitochondria and diverts progression of carcinomas to
oncocytomas. In contrast, p53 deletion at the onset of
tumorigenesis causes atg/-deficient tumors to specifi-
cally accumulate neutral lipids. This suggests that
autophagy is essential for lipid homeostasis specifically
with p53 deficiency in K-ras®’?P-driven NSCLC. Since
p53 deficiency increases glucose uptake, directs glucose
to lipid storage, and suppresses FAO (Ide et al. 2009;
Cheung and Vousden 2010; Goldstein and Rotter 2012),
this may render tumors prone to lipid accumulation if
lipid synthesis is increased or if FAO is inhibited further.

atg7-deficient tumor-derived cell lines (TDCLs)
have defective lipid homeostasis and are sensitive
to starvation

To address the mechanism by which autophagy mediates
lipid homeostasis, atg7** and atg7~/~ TDCLs were gen-
erated from atg7 wild-type or atg7-deficient p53~/;
K-ras®'?P tumors. atg7-deficient TDCLs displayed ac-
cumulation of LC3-I characteristic of autophagy defect
(Fig. 6A) without altering growth in complete medium
(Supplemental Fig. S13). In contrast to TDCLs with atg7,
starvation (Hank’s Balanced Salt Solution, HBSS) of atg7-
deficient TDCLs prevented LC3-I-to-LC3-II conversion,
caused p62 accumulation, activated apoptosis (Fig. 6B),
and prevented clonogenic survival (Fig. 6C; Supplemental
Fig. S14A), which is consistent with our previous findings
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Figure 5. atg7 deficiency promotes tumor lipid accumulation.
(A) Representative electron microscope images of tumors show-
ing lipid droplet accumulation with atg7 deletion at 18 wk after
tumor initiation. (Nu) Nucleus; (M) mitochondria; (L) lamellar
body; (G) glycogen; (LD) lipid droplet. (B) Representative low-
magnification images of Oil red O staining of representative
lung lobes (frozen sections) at 18 wk after tumor induction (n=2
mice for each genotype). (C) Representative high-magnification
images of Oil red O staining of tumor tissue at the indicated
times (n = 2 mice for each genotype).

in Ras-driven cancer cells with deletion of either atg5 or
atg7 (Guo et al. 2011). In addition, atg7-deficient TDCLs
were more sensitive to ischemia-induced cell death
(Supplemental Fig. S14B). Thus, similar to engineered
mouse and human cancer cell lines and yeast (Guo et al.
2011; Suzuki et al. 2011), TDCLs require atg7 to survive
metabolic challenge.

To determine whether the metabolic defect of atg7-
deficient TDCLs manifested in tumorigenesis, growth of
TDCLs in nude mice was assessed. Although the overall
size of subcutaneous masses was not altered by atg7
deficiency (Fig. 6D), atg7 wild-type TDCLs formed solid
tumors, whereas those deficient for atg7 formed hollow,
fluid-filled cysts (Fig. 6E,F). Extensive lipid accumulation
was apparent in atg7-deficient TDCL tumors by Qil red O
staining (Fig. 6G) and the buoyancy of tissue in aqueous
medium (Fig. 6E). As in the spontaneously arising tumors,
those with atg7 were healthy, solid adenocarcinomas, and
those without atg7 were largely cysts (Fig. 6F) composed
of stroma with some lipid-filled tumor cells (Fig. 6G;
Supplemental Fig. S15). As in the primary tumors, atg7-
deficient TDCLs had high basal lipid levels, specifically
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atg7-deficient TDCLs accumulate lipids and are sensitized to starvation-induced death. (A) Western blot for Atg7 and LC3 in

TDCLs. (B) Western blot for LC3, p62, and active caspase-3 during starvation (HBSS) of TDCLs at the indicated times. (C) Clonogenic
survival assay of TDCLs following 3 d of starvation (HBSS) and 4 d of recovery in normal medium (RPMI). (D) Growth of TDCL tumors
in nude mice (n = 6 tumors for each TDCL). (E) Representative gross pathology of tumors derived from TDCLs from D. (F, left) Histology
(H&E) of representative tumors from atg7 wild-type and atg7-deficient TDCL tumors showing hollow centers with atg7 deletion.
(Right) Quantification of hollow tumor formation. (G) Oil red O staining of TDCL tumors (n = 4 tumors for each genotype). (H)
Quantitation of cholesterol esters by thin-layer chromatography (TLC) (Supplemental Fig. S16A). (I) The graph shows the increased
total pool size of FAs in atg7-deficient TDCLs compared with wild-type TDCLs under steady status. The error bar represents +SD;

P < 0.05 (t-test).

cholesterol esters (Fig. 6H; Supplemental Fig. S16A,B),
the levels of which were maintained in starvation
(Supplemental Fig. S16C). The total pool sizes of sapon-
ified FAs as measured by mass spectrometry were
significantly increased in atg7-deficient compared with
atg7 wild-type TDCLs (Fig. 6I). Together, this suggests
that atg7 is essential for p53~/~;K-ras®'?®? NSCLCs to
tolerate metabolic stress and efficiently form tumors
and that this may be due to a requirement for autophagy
for lipid catabolism. When lipid catabolism is impaired,
tumor cells may fail to survive interruptions in nutri-
ent availability despite the presence of abundant lipid
stores.

atg7 deficiency causes defective mitochondrial FAO

Mitochondria are predominantly responsible for FAO, and
autophagy defects cause accumulation of defective mito-
chondria. To address whether lipid accumulation with
atg7 deficiency was associated with defective mitochon-
dria, mitochondrial mass (MM) and membrane poten-
tial (MMP) were assessed. atg7-deficient TDCLs had

increased MM (Fig. 7A; Supplemental Fig. S17A), consis-
tent with their increased Tom20 staining (Fig. 4G), but
decreased MMP (Fig. 7A; Supplemental Fig. S17B), sug-
gesting that loss of atg7 caused accumulation of defective
mitochondria.

To address the mechanism by which autophagy pre-
vented lipid accumulation and promoted tumorigenesis,
we tested the hypothesis that autophagy is required to
maintain functional mitochondria for FAO. The oxygen
consumption rate (OCR) of atg7 wild-type and atg7-
deficient TDCLs was measured. Although atg7 defi-
ciency did not significantly alter the basal OCR under
normal growth conditions (Fig. 7B), the reserve capacity
(as measured by addition of the uncoupler FCCP) after
brief (4 h) starvation was markedly reduced (Fig. 7C). A
major consequence of the brief starvation is removal of
glutamine, which is normally a major mitochondrial fuel
supply. Apparently, autophagy deficiency augments the
intrinsic propensity of Ras-driven tumors to depend
heavily on glutamine to power oxidative metabolism.
Indeed, glutamine supplementation rescued survival of
the atg7-deficient TDCL in starvation (Fig. 7D).
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Figure 7. Autophagy is required for FAO. (A) Total MM (top) and MMP (bottom) in TDCLs under normal conditions (atg7**: n = 10;
atg7~'~: n = 9 independent clones). (**) P < 0.01; (***) P < 0.001 (t-test). (B) OCR of TDCLs (two independent clones for each genotype)
under normal conditions without (left) or with (right) FCCP challenge. The error bar represents +SD; P > 0.05 (t-test). (C) OCR of
TDCLs (two independent clones from each genotype) under normal or starvation (HBSS for 4 h) following addition of FCCP (0.3 pM) to
establish maximum respiratory capacity. The error bar represents +SD; (*) P < 0.05 (t-test). (D) Clonogenic survival assay of TDCLs
with glutamine addition (1 mM) under 3 d of starvation (HBSS) and 3 d of recovery in normal medium (RPMI). (E, top) OCR trace of
TDCLs in response to palmitate (400 uM) showing relative percentage change upon palmitate addition. (Bottom) OCR of TDCLs from
the top panel at 71 min. The error bar represents =SD; (*) P < 0.05 (t-test). (F) The graph shows autophagy-dependent changes in
intracellular metabolite levels (52 metabolites; log,-transformed ratios of ion signals) in two atg7-deficient compared with two atg7
wild-type TDCLs in normal conditions. (G) The graphs show representative increased amino acid levels in two atg7-deficient compared
with two atg7 wild-type TDCLs at each indicated starvation (HBSS) time. Additional amino acids are shown in Supplemental Figure
S19. (H) Clonogenic survival assay for TDCLs following starvation (HBSS for 15 h and 25 h) in the presence of the CPT1 inhibitor
etomoxir (50 pum) with and without pyruvate (1 mM). The complete assay is shown in Supplemental Figure S20.

1456 GENES & DEVELOPMENT



To test the potential for autophagy-defective cells to
engage in FAO, TDCLs were briefly starved and provided
the FAO substrate palmitate, and OCR was measured.
While there was little difference in OCR under normal
growth conditions, atg7 deficiency significantly reduced
palmitate-induced OCR, which is a measure of mito-
chondrial FAO (Fig. 7E). The inability of the autophagy-
defective cells to oxidize free palmitate when provided in
the medium rules out the primary defect being accessing
lipid stores. Instead, these cells are fundamentally de-
fective in FAQ, and this defective mitochondrial function
presumably explains the accumulation of lipids in atg7-
deficient TDCLs and tumors.

To broadly assess the metabolic consequences to atg7
deficiency, we measured pool sizes of 159 intracellular
metabolites in normal and nitrogen starvation conditions
(i.e., removal of all media amino acids) in TDCLs (Sup-
plemental Table S1). Prior to starvation, one-third of the
metabolites showed autophagy-dependent changes that
were statistically significant (false discovery rate [FDR]| <
0.05) and consistent across both cell line pairs. Surpris-
ingly, more metabolites were increased than decreased in
the autophagy-defective cells, with a majority of the
increased compounds being amino acids or related com-
pounds (acetylated amino acids and amino acid catabo-
lites) (Fig. 7F). This suggests an autophagy-induced defect
in amino acid catabolism. Like the defect in lipid catab-
olism, the defective amino acid catabolism is presumably
due to mitochondrial deficiency.

Following starvation, there were strong changes in
metabolite levels that were largely consistent between
the wild-type and autophagy-null cells (Supplemental
Fig. S18), with the elevated levels of amino acids and
related compounds in the autophagy-null cells persist-
ing during starvation (Fig. 7G; Supplemental Fig. S19). In
addition, glycolytic intermediates and NADH were
higher in the autophagy-defective than wild-type cells
after starvation (Supplemental Figs. S18, S19). The el-
evated levels of glycolytic intermediates may also result
from defective mitochondria but through a different
mechanism: When oxidative phosphorylation is decreased,
glycolysis increases to maintain ATP levels, which are
similar in autophagy wild-type and autophagy-defective
cells.

To test whether atg7 function was required for trans-
port of fatty acids (FAs) into mitochondria, TDCLs were
assessed for sensitivity to etomoxir, which inhibits FAO
by blocking CPT1. The survival of starved, atg7 wild-type
TDCLs was somewhat decreased by etomoxir, and this
decrease was rescued by the alternative mitochondrial
substrate pyruvate. In contrast, atg7-deficient TDCLs
were ablated by etomoxir even in the presence of pyru-
vate (Fig. 7H; Supplemental Fig. S20). Like FAs and unlike
glutamine, entry of pyruvate into the TCA cycle is gated
by antecedent oxidative steps in the mitochondrion to
generate acetyl-CoA. These steps may be blocked in
autophagy-defective cells. Thus, atg7 deficiency causes
defective mitochondrial function, which in turn leads to
greater sensitivity to further inhibition of FAO. This
suggests combination therapy involving dual autophagy

K-ras-driven lung cancer requires autophagy

and FAO inhibition as a therapeutic strategy for p53-
deficient cancers.

Discussion

The two models of spontaneous K-ras?P-driven
NSCLC analyzed here—one with and the other without
p53—demonstrated that atg7 is critical for sustained
tumor cell proliferation and progression of lung tumors
to adenomas and carcinomas. Common to both models,
atg7 deletion blocked tumor growth and caused tumors
to accumulate defective mitochondria and progress to
more benign oncocytomas instead of adenomas and
carcinomas. These findings support the overall concept
that autophagy facilitates the growth and metabolism of
Ras-driven cancers (Lock et al. 2010; Guo et al. 2011;
Yang et al. 2011). Consistent with previous work,
evidence suggests that the mechanism behind the re-
quirement for autophagy in tumorigenesis is that it is
needed for proliferation and to maintain mitochondrial
function and cellular metabolism necessary for survival
to stress and starvation (Guo et al. 2011; Yang et al.
2011). What is new here is the revelation that autophagy-
deficient tumors that accumulate defective mitochon-
dria are oncocytomas and that the metabolic requirement
for autophagy is influenced by the functional status
of p53.

Oncocytomas are rare, predominantly benign neo-
plasms that arise in any organ but more often in kidney,
salivary and parathyroid glands, and thyroid and are
characterized by cells that accumulate respiration-de-
fective mitochondria (Gasparre et al. 2011). Neither the
origin of oncocytomas nor the functional significance of
their mitochondrial impairment is known. It has been
hypothesized that mitochondrial respiration defects
trigger compensatory mitochondrial biogenesis that
drives the accumulation of defective mitochondria.
Our finding that atg7 deficiency diverts adenomas and
carcinomas to oncocytomas instead suggests that loss of
autophagy and mitochondrial quality control can pro-
duce oncocytomas and that mitochondrial function is
required for efficient progression to carcinoma. Thus,
autophagy dictates tumor cell fate, and this suggests
a possible role for autophagy inhibitors in the treatment
of NSCLC.

When p53 is intact during K-ras tumor develop-
ment, atg/ deletion causes premature p53 induction and
a proliferation block that is the primary cause of reduced
tumor burden. Alleviating this p53 barrier by deletion of
p53 temporarily restored proliferation and growth of atg7-
deficient tumors (Supplemental Figs. S3, S10). The mech-
anism by which p53 is induced in atg7-deficient tumors
is not clear, but autophagy deficiency causes ROS pro-
duction, a known activator of p53 and the DNA damage
response (Supplemental Fig. S7; Karantza-Wadsworth
et al. 2007; Mathew et al. 2007). Ultimately, however,
atg7 deficiency even in the absence of p53 results in
proliferative arrest that correlates with profound meta-
bolic defects. Thus, autophagy loss can promote p53-
dependent growth arrest that suppresses tumor growth,
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but ultimately, p53-independent growth arrest mech-
anisms likely tied to compromised metabolism are
engaged.

Uniquely to the p53-intact setting, autophagy defects
manifest early, corresponding with tumorigenesis impair-
ment and oncocytoma development, which were fol-
lowed by induction of inflammation. This suggests that
tumor cell dysfunction and eventual tumor atrophy due
to autophagy deficiency preceded a secondary inflamma-
tory response. Deficiency in essential autophagy genes
promotes inflammation in the liver (Komatsu et al. 2007,
2010; Mathew et al. 2009), gastrointestinal tract (Cadwell
et al. 2008; Li et al. 2013), and tumors (Degenhardt et al.
2006) but not in lungs (Supplemental Fig. S3; Takamura
etal. 2011). This indicates that inflammation is a response
to the presence of autophagy-deficient tumor cells. Acti-
vation of K-ras®*2P in the lung by CCSP-Cre increases the
proportion of lung epithelial cells with activated K-ras,
elevates tumor cell cytokine production, and induces
early death due to immune infiltration (Ji et al. 2006) as
described here in tumors with atg7 deletion. Autophagy
may suppress a tumor cell-intrinsic inflammatory re-
sponse by maintaining mitochondrial metabolism and
preventing necrotic cell death induction (Degenhardt
et al. 2006). In support of cell death being the trigger of
pneumonia in atg7-deficient tumors, there was less cell
death in the p53-deficient setting, where pneumonia did
not occur.

Without p53, atg/7 deletion in tumors still blocked
tumor growth. Ultimately, a metabolic crisis and inabil-
ity to tolerate stress caused by loss of autophagy may
block proliferation even in the absence of p53. The p53-
independent block to tumor growth caused by loss of
either atg5 or atg7 was also seen in Ras-transformed
cancer cell lines (Guo et al. 2011; Yang et al. 2011).

Uniquely to the p53-deficient setting, atg7 was re-
quired for lipid homeostasis. atg7-deficient TDCLs
display lipid accumulation and defective mitochondrial
respiration when provided a lipid substrate, acute
sensitivity to inhibition of FAO, and exquisite sensitiv-
ity to metabolic stress. p53 loss alters metabolism,
promoting lipid storage (Zhu and Prives 2009; Cheung
and Vousden 2010; Chesney and Telang 2013). When
p53 loss and autophagy deficiency co-occur at the onset
of tumorigenesis, this combination of enhanced lipid
storage and impaired degradation result in fat-filled
tumors. Providing extracellular glutamine can rescue
survival of atg7-deficient TDCLs, suggesting that in
addition to preserving FAO, autophagy may supply
glutamine from protein degradation to maintain me-
tabolism. This is consistent with the requirement for
autophagy to maintain the pool of functional mito-
chondria for FAO and possibly to also supply metabolic
substrates to mitochondria, both of which may be
important for maintaining tumor cell metabolism.
More generally, autophagy inhibition tends to impair
mitochondrial metabolism and thus tumor growth, but
the metabolic outcome depends on the specific onco-
gene and tumor suppressor gene involved and the
timing of their mutation.
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Materials and methods

Mice

Animal studies followed protocols approved by the Institu-
tional Animal Care and Use Committee. LSL-K-ras®?P mice
(JTackson Laboratory), Tp537°/1°* mice (Jackson Laboratory),
and atg7"°*/°x mice (provided by Dr. M. Komatsu) were cross-

bred to generate K-ras®'?P/*arg7o¥/M1x  K.ras12P/* atg7 ",
pSSIZDX/ﬂOX;K—IHSGIQD/+;LItg7/ZDX/HOX, or p53/JDX//IOX;K-I‘HSGIZD/+;

atg7*"* mice. Mice were infected intranasally with recombinant,

replication-deficient adenovirus expressing Cre recombinase
(University of lowa Adenoviral Core) at 4 X 107 plaque-forming
units (pfu) per mouse at 6-8 wk of age.

Tumor/macrophage burden quantification

H&E-stained lung specimens were imaged under a 20X objective
on a Trestle/Zeiss MedMicro imaging system. Matlab was used
to build the segmentation protocol from a series of image
processing operators. Tumor masks and whole-tissue masks
were computed from low-resolution image maps, which were
extracted from the whole slide images. The segmented masks
were used to generate the area ratios for tumor and macrophage
burden.

Gene expression analysis

Lung tumor samples from mice at 18 wk post-Cre and compar-
ator normal lung tissue (K-ras*’*;atg7*"*) were snap-frozen for
RNA extraction. Extracted RNAs were processed, labeled, and
hybridized to the GeneChip Mouse Genome 430A 2.0 array
(Affymetrix) and analyzed as described previously (Mathew et al.
2009).

Micro-CT and Iung volume quantification

K-ras®1?P™,atg7*", K-ras®'?P,atg7/~, and K-ras*’*;Atg7**
mice (n = 3 mice for each genotype) at the indicated times were
isofluorane-anesthetized. Respiratory-gated and low-resolution
CT images of maximally ventilated mice were obtained using
a Siemens Inveon PET/CT. Using INVEON Research Workplace
software, reconstructed image data were processed through
a Gaussian filter, tissue determined to be pulmonary was
segmented, and its volume was calculated. Three-dimensional
reconstruction pulmonary images and transverse sections of the
chest were generated using Osirix software.

Electron microscopy

G12D/+;atg7+/+ Gi12D/+

Lung tumors from K-ras and K-ras satg7 =~
mice were fixed in 0.1 M cacodylate buffer (pH 7.4) with 2.5%
glutaraldehyde, 4% paraformaldehyde, and 8 M CaCl,. Samples
were processed as described previously (Guo et al. 2011), and
images were captured with an AMT XR41 digital camera at 80
kV on a JEOL 1200EX transmission electron microscope.

Histology and IHC

Five mice from each K-ras®*?P/*-bearing mouse group (atg7*/* or
atg7~'") were sacrificed at 2, 6, 10, 14, 18, 22, and 42 wk via
cervical dislocation, and lungs were fixed in 10% buffered
formalin solution (Formalde-Fresh, Fisher Scientific) for 4 h
and then transferred to 70% ethanol for paraffin-embedded
sections. For preparation of frozen sections, lungs were fixed in
10% buffered formalin solution for 4 h, then transferred to 15%



sucrose for 2 h, and finally transferred to 30% sucrose overnight
before processing.

For IHC, paraffin-embedded sections were stained with anti-
bodies against Atg7 (Sigma, catalog no. A2856), LC3 (Nano
Tools, catalog no. LC3-5F10), p62 (Enzo Life Sciences, catalog
no. PW9860-0100), Tom20 (Santa Cruz Biotechnology, catalog
no. sc11415), p53 (Leica, product code NCL-p53-CM5P), p21 (BD
Biosciences, catalog no. 56431), Ki67 (Abcam, catalog no. ab-
15580), y-H2AX (Cell Signaling, catalog no. 2577), P-MEK1/2
(Cell Signaling, catalog no. 2338), phosphorylated p42/44 MAPK
(P-ERK]) (Cell Signaling, catalog no. 4376), SP-C (Seven Hills
Bioreagents, catalog no. WRAB-SPC), CCSP (Seven Hills Biore-
agents, catalog no. WRAB-CCSP), and CD68 (Abcam, catalog no.
ab31630). For quantification of IHC for p21, p53, Ki67, and
v-H2AX, images (100X; one of six from each of three mice for
each time point) representative of entire lung lobes were
obtained. A minimum of 150 cells from each image were scored
at each time point for each genotype. Statistical significance was
calculated by two-way ANOVA with a Bonferroni post-test.

Cytochrome c oxidase staining

Cryostat lung tissue sections were incubated in 2.5 mL of
reaction buffer (0.2 M sodium dibasic phosphate, 0.2 M sodium
monobasic phosphate at pH 7.6), 20 pg of catalase (Sigma, C-10),
10 mg of cytochrome ¢ (Sigma, C-2506), 750 mg of sucrose in 7.5
mL of deionized H,O, and 5 mg of 3, 3’'diaminobenzidine
tetrahydrochloride hydrate (DAB) (Sigma, D-5637); mounted;
and photographed.

Western blotting

Tumor samples were ground in liquid nitrogen and lysed in cell
destruction buffer (Ambion). The following antibodies were used
for Western blots: p62 (Guo et al. 2011), LC3 (Novus Biologicals,
catalog no. NB600-1384), P-MEK1/2 (Cell Signaling, catalog no.
2338), total MEK1/2 (Cell Signaling, catalog no. 4694), phosphor-
ylated p42/44 MAPK (Cell Signaling, catalog no. 9101), total p42/
44 MAPK (ERK) (Cell Signaling, catalog no. 9102), anti-mECF-L
(YM1) (R&D Systems, AF2446), active caspase 3 (Cell Signaling,
catalog no. 9661), and B-actin (Sigma, catalog no. A1978).

Senescence-associated B-galactosidase staining

A B-galactosidase staining kit from Cell Signaling (catalog no.
9860) was used to detect B-galactosidase activity. Briefly, lung
frozen sections were fixed in 1X fixative solution for 15 min at
room temperature, rinsed with PBS twice, and incubated with
B-galactosidase staining solution overnight at 37°C. Images were
captured by an Infinityl camera under a 20X objective using
a Zeiss/Primo Vert microscope.

Mouse lung cytokine array assay

A Proteome Profiler Array-Mouse Cytokine Array Panel A kit
(R&D Systems, catalog no. ARY006) was used to assess mouse
lung cytokine levels. Briefly, K-ras®??"*;atg7*/* and K-ras®'?P";
atg7~'~ tumor-bearing lungs (n = 3 mice for each genotype)
were sacrificed at 20 wk after adenovirus-Cre infection. Lungs
without tumors from K-ras**;atg7** or K-ras**;atg7~'~ geno-
types (n = 1 mouse for each genotype) were used as controls. All
five lung lobes from each mouse were snap-frozen in liquid
nitrogen, ground in liquid nitrogen, and lysed in PBS with
protease inhibitors and 1% Triton X-100. Samples were then
frozen at =70°C, thawed, and centrifuged at 10,000g for 5 min to
remove cell debris to generate lung tissue lysates. Two-hundred
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micrograms of lung tissue lysate from each genotype was run on
an array according to the provided protocol. K-ras®?P"*,atg7+/+
or K-ras®"?P"*;atg7~/~ lung tissue lysates were pooled equally
from each of the three different sample sets to provide an average
across different animals. For the data analysis, cytokine array
images were scanned and quantified using Image].

Cell culture and OCR analysis

TDCLs were generated from p53~/;K-ras¢*?P/* tumors with or

without atg7 at 8 wk after tumor initiation. TDCLs were
cultured in RPMI 1640 medium containing 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin, 1 mM sodium pyru-
vate, and 1 mM sodium bicarbonate at 38.5°C with 8.5% CO,.
The TDCLs’ OCR measurement was performed as described
previously (Guo et al. 2011). For palmitate-induced OCR, a read-
out of FAO was measured in response to BSA-conjugated
palmitate (400 uM) in Krebs-Henseleit Buffer (KHB) (110 mM
NaCl, 4.7 mM KCl, 2 mM MgSO,, 1.2 mM Na,HPO,, 2.5 mM
glucose at pH 7.4) supplemented with 0.5 mM carnitine.

Metabolomic analysis by liquid chromatography-mass
spectrometry (LC-MS)

Soluble metabolites from atg7*/* and atg7/~ TDCLs (two clones
each analyzed in triplicate) in normal or HBSS conditions at the
indicated times were extracted in 2 mL of —80°C 80:20 meth-
anol: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 com-
bined, dried under N, and reconstituted in LC-MS-grade water.
The samples were analyzed by three separate LC-MS systems: (1)
stand-alone orbitrap MS (Exactive, Thermo Scientific) operating
in negative full-scan mode at 100,000 resolution coupled to
C18 ultraperformance reversed-phase ion pair chromatography
(Lu et al. 2010), (2) triple-quadrupole mass spectrometer (TSQ
Quantum Discovery Max, Thermo Scientific) operating in neg-
ative multiple reaction-monitoring mode coupled to C18 high-
performance reversed-phase ion pair chromatography, and (3)
triple-quadrupole mass spectrometer (TSQ Quantum Ultra,
Thermo Scientific) operating in positive multiple reaction-
monitoring mode coupled to hydrophilic interaction liquid
chromatography (HILIC). Metabolites were identified by accu-
rate mass (<5 ppm deviation; Exactive) or characteristic frag-
mentation product (triple quads) in combination with retention
time matched to validated standards using in-house software.
Peak intensity data were further analyzed using Excel and Matlab.

Analysis of saponified FAs by LC-MS

Two atg7** and atg7~/~ TDCL clones were assessed in triplicate.
Cells were cultured in 6-mm dishes in normal conditions and
rinsed twice with 2 mL of 37°C PBS; 1 mL of cold (—20°C) 50:50
MeOH/0.1 M HCI solution with 0.1 M HCI was added to the
cells, and the resulting liquid and cell debris were scraped into
1.5-mL microfuge tubes. Cold (—20°C) chloroform (0.5 mL) was
added, the mixture was vortexed for 1 min and centrifuged at
18,000¢ for 5 min, and then the chloroform layer was transferred
to a glass vial. One milliliter of 90% methanol and 0.3 M KOH
were added to the glass vial and heated for 1 h at 80°C to saponify
FAs. Next, 100 uL of formic acid was added, and the samples
were extracted twice with 1 mL of hexane, dried under N,, and
dissolved in chloroform/methanol/H,O (1/1/0.3) to a final con-
centration of 2 uL of cell volume per milliliter for LC-MS
analysis. Separation was performed by reversed-phase ion-pair-
ing chromatography on a C8 column coupled with negative-ion
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mode full-scan LC-MS at 1 Hz scan time and 100,000 resolving
power (stand-alone orbitrap, Thermo Fischer Scientific). FAs
were identified by accurate mass (<5 ppm deviation, Exactive)
or characteristic fragmentation product (triple quads) in combi-
nation with retention time matched to validated standards using
in-house software. Peak intensity data were further analyzed
using Excel and Matlab.

Clonogenic survival assays

TDCLs were seeded in 12-well plates (0.07 X 10° per well) in
normal growth medium (RPMI). To starve the cells, the follow-
ing day, RPMI was removed and replaced with HBSS for 3 d. The
cells were then returned to normal medium for 4 d, fixed with
cold methanol for 10 min, and stained with Giemsa.

Tumor growth assays in nude mice

Tumor growth assays in nude mice were performed as described
previously (Guo et al. 2011). Briefly, three mice per cell line and
four independent TDCLs per genotype were used to assess tumor
formation. Cells (107) were subcutaneously injected into nude
mice, and tumor growth was monitored at the indicated times.
Mice were sacrificed at day 14 after injection, and tumors were
fixed for histology as described previously (Guo et al. 2011).

Oil red O and Bodipy staining

For Oil red O staining, fixed frozen tissue sections were air-dried
and stained with prewarmed Oil red O solution (0.5 g of Oil Red
O in 100 mL of propylene glycol) for 8-10 min in a 60°C oven,
differentiated in 85% propylene glycol solution for 1 min, and
rinsed with distilled water twice. Slides were then lightly stained
with alum hematoxylin for 1 min, rinsed with distilled water,
and mounted for microscopy.

For Bodipy staining, frozen tissue sections or TDCLs were
fixed with 4% formaldehyde for 15 min, rinsed with PBS, and
then stained with Bodipy (I mg/mL) for 15 min. Nuclei were
counterstained with DAPI, and the slides were rinsed with
distilled water and mounted for microscopy.

MM and MMP

Live TDCLs were stained with 25 nM MitoTracker-Red
CMXRos (Molecular Probes/Invitrogen) to determine MMP
and 25 nM MitoTracker-Green FM (Molecular Probes/Invitro-
gen) to determine MM for 30 min under normal growth condi-
tions, washed with growth medium twice, trypsinized, and
analyzed by flow cytometry (BD Influx Cell Sorter, BD Bio-
sciences). The mean of MM fluorescence is shown. Relative
MMP was calculated by dividing the mean of MMP fluorescence
with the mean of MM fluorescence.
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