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Loss of tumor suppressor liver kinase B1 (LKB1) promotes cancer cell proliferation but also leads to decreased
metabolic plasticity in dealing with energy crises. Autophagy is a protective process involving self-cannibalization
to maintain cellular energy homeostasis during nutrient deprivation. We developed a mouse model for Lkb1-
deficient lung cancer with conditional deletion of essential autophagy gene Atg7 to test whether autophagy
compensates for LKB1 loss for tumor cells to survive energy crises. We found that autophagy ablation was syn-
thetically lethal during Lkb1-deficient lung tumorigenesis in both tumor initiation and tumor growth. We further
found that autophagy deficiency causes defective intracellular recycling, which limits amino acids to support
mitochondrial energy production in starved cancer cells and causes autophagy-deficient cells to be more dependent
on fatty acid oxidation (FAO) for energy production, leading to reduced lipid reserve and energy crisis. Our findings

strongly suggest that autophagy inhibition could be a strategy for treating LKB1-deficient lung tumors.
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Lung cancer remains the leading cause of cancer mortality
worldwide, and non-small cell lung cancer (NSCLC]) ac-
counts for >85% of these cases (Siegel et al. 2015). Driver
mutations are molecular alterations in tumors that play a
significant role in tumor progression and growth. Over
the past decade, the discovery of a number of driver muta-
tions underlying NSCLC has led to significant advances in
prognostication and treatment of these cancers (Bozic et al.
2010). However, patients harboring mutations in the
tumor suppressor gene Iliver kinase B1 (LKB1) and the
oncogene KRAS, two of the most common mutations
in NSCLC, develop more aggressive lung tumors, show a
high frequency of metastasis, and have limited treatment
options (Ji et al. 2007; Matsumoto et al. 2007; Imielinski
etal. 2012). Recent studies have found that LKB1 mutation
causes KRAS mutant lung cancer patients to be resistant to
immunotherapy (Skoulidis et al. 2018). Thus, new thera-
pies for this subtype of lung cancer are urgently needed.
LKBI signaling negatively regulates tumor growth and
metastasis through direct phosphorylation and activation
of the central metabolic sensor AMPK, which governs
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glucose and lipid metabolism in response to alterations
in nutrients and intracellular energy levels (Shackelford
and Shaw 2009; Shackelford 2013). Under energy stress,
LKBI1 activates AMPK, which in turn inhibits fatty acid
(FA) synthesis through inhibitory phosphorylation of ace-
tyl-CoA carboxylase (ACC) and sterol regulatory element-
binding proteins (SREBP) and prevents protein synthesis
through inactivation of mTORCI1 signaling, leading to a
restriction of cell growth and proliferation (Shackelford
and Shaw 2009). Loss of LKBI facilitates tumor growth
and metastasis under energetically unfavorable condi-
tions by causing disorganization of cell polarity, increas-
ing glucose and glutamine uptake, and up-regulating de
novo FA synthesis (Shaw et al. 2005; Faubert et al. 2014;
Svensson et al. 2016). Loss of LKBI1 also increases the
production of reactive oxygen species (ROS) in tumors,
leading to the transdifferentiation of adenocarcinoma to
squamous cell carcinoma (Ji et al. 2007; Xu et al. 2014;
Li et al. 2015). Moreover, oncogenic cooperation between
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the loss of LKB1 and activation of KRAS promotes tumor-
igenesis through the induction of the one-carbon pathway
coupled to the generation of S-adenosylmethionine (Kot-
takis et al. 2016). Taken together, loss of LKB1 reprograms
cancer cell metabolism to efficiently generate energy and
biomass components for uncontrolled cell proliferation in
order to expand and disseminate. However, such alter-
ations in turn cause tumor cells to have less plasticity in
response to an energy crisis, creating a metabolic vulner-
ability (Jeon et al. 2012; Parker et al. 2017). Therefore, tar-
geting metabolic vulnerabilities is a valuable therapeutic
approach to treat LKBI1-deficient lung cancer. Indeed,
LKBI1-deficient NSCLC is sensitive to the metabolic-
based drug phenformin, which is a mitochondrial inhibi-
tor (Shackelford et al. 2013).

Cancer cells not only alter metabolism to promote
macromolecular biosynthesis and maintain redox and en-
ergy homeostasis but also up-regulate nutrient-scaveng-
ing pathways, including autophagy, to provide metabolic
substrates as fuel for their altered metabolism (Vander
Heiden and DeBerardinis 2017). The catabolic process of
autophagy captures proteins and organelles and then de-
grades and recycles them to provide metabolic substrates,
a function that is critical when extracellular nutrients are
limited. Autophagy also eliminates damaged proteins and
organelles to maintain their quality and homeostasis
(White 2012). Ras activation up-regulates basal autophagy
and causes cancer cells to become “addicted” to autoph-
agy during metabolic stress and tumorigenesis (Guo
et al. 2011; Lock et al. 2011; Yang et al. 2011).

The support of tumor growth through the up-regulation
of autophagy has been demonstrated in different types of
tumors using genetically engineered mouse models
(GEMMs) with distinct mechanisms (White et al. 2015;
Amaravadi et al. 2016; Guo and White 2016; Sousa et al.
2016; Yang et al. 2018). In GEMMs for pancreatic ductal
adenocarcinoma (PDAC), acute autophagy ablation sup-
presses PDAC progression through tumor cell-intrinsic
as well as host effects (Yang et al. 2018). Host autophagy
promotes tumor growth via maintaining circulating argi-
nine (Poillet-Perez et al. 2018). Using GEMM:s for NSCLC
with or without p53, we demonstrated that autophagy
promotes BrafV*%E. and Kras®'?P-induced lung tumor
growth and prevents the conversion of adenocarcinoma
to benign oncocytoma via maintaining functional mito-
chondria, energy homeostasis, redox balance, nucleotide
pools, and amino acids (Guo et al. 2013a,b, 2016; Stro-
hecker and White 2014). Acute systemic Atg7 deletion
in mice with pre-existing NSCLC blocks tumor growth
and promotes tumor cell death before destruction of nor-
mal tissues (Karsli-Uzunbas et al. 2014), indicating that
there is a therapeutic window to treat lung cancer by
autophagy inhibition.

The underlying mechanism of autophagy in supporting
lung tumor growth is likely through the removal of dam-
aged mitochondria for tumor cells to maintain energy ho-
meostasis and reduce ROS production (Guo et al. 2011,
2013a). On the other hand, autophagy also recycles
intracellular metabolites for cancer cells against nutrient
deprivation. Pulse-chase studies with isotope-labeled
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nutrients reveal that autophagy deficiency causes defec-
tive mitochondrial substrate supply during starvation in
Ras-driven lung cancer cells, which is associated with in-
creased ROS, lower energy charge, and a dramatic drop
in total nucleotide pools (Guo et al. 2016). Autophagy
also plays unique roles in tumorigenesis via the tumor
microenvironment. Stroma-associated pancreatic stellate
cells are critical for PDAC metabolism through the secre-
tion of nonessential amino acids, which is dependent on
pancreatic satellite cell autophagy and stimulated by can-
cer cells (Sousa et al. 2016).

Cancer cells use a variety of nutrient sources to support
mitochondrial tricarboxylic acid (TCA) cycle metabolism
to meet high metabolic demand (Vander Heiden and
DeBerardinis 2017). In addition to glucose, glutamine,
and lactate (Hui et al. 2017), lipids are another major
fuel for TCA cycle metabolism (Beloribi-Djefaflia et al.
2016). Although changes in lipid metabolism in tumors
were commonly disregarded in the past, they are now
well recognized. Lipids support cell proliferation through
energy production via FA oxidation (FAO) and biomass
buildup and as critical signaling molecules (Huang and
Freter 2015; Beloribi-Djefaflia et al. 2016). The ability to
up-regulate FA synthesis is a property of cancer cells
that maintains the above functions and store energy as lip-
id droplets (LDs) (Shackelford and Shaw 2009; Merino Sal-
vador et al. 2017; Wen et al. 2017). Additionally, hypoxia
and acidosis promote the uptake of lipoproteins for LD
storage in cancer cells, relieving the requirement for de
novo synthesis (Bensaad et al. 2014; Menard et al. 2016).
Systemic inhibition of ACC to prevent de novo FA synthe-
sis is sufficient to block tumor growth in GEMMs of Lkb1-
deficient NSCLC (Svensson et al. 2016). Colon cancer
cells increase the uptake of FAs to survive nutrient starva-
tion. Inhibition of autophagy attenuates the ability of co-
lon cancer cells to use FAs and blocks the growth-
promoting effect of adipocytes (Wen et al. 2017). Prevent-
ing lipid and FA uptake by an anti-CD36 neutralizing an-
tibody impairs metastasis in human oral carcinomas
(Pascual et al. 2017).

Here, using GEMMs for Lkb1-deficient NSCLC with
conditional autophagy ablation, we found that Atg7 defi-
ciency prevented the ability of activated Kras and defi-
cient Lkb1 to initiate tumorigenesis and reduced the
tumor growth. To further address the underlying mecha-
nism, we generated tumor-derived cell lines (TDCLs)
from Atg7*/* or Atg7~/~ tumors and found that LDs in
Atg77/7;Kras®2P", Lkb11¥/1°x (K1) tumors and TDCLs
were significantly lower than those in Atg7*/* KL tumors
and cells in starvation. We also found that autophagy defi-
ciency caused cancer cells to be more sensitive to starva-
tion-induced cell death due to the depletion of TCA cycle-
related intermediates, leading to impaired energy produc-
tion and nucleotide pool depletion. Palmitate supplemen-
tation was able to rescue the starvation survival of
autophagy-deficient cells. In addition, inhibition of FAO
accelerated starvation-induced Atg7-null cell death. Tak-
en together, autophagy may sustain KL tumor growth by
recycling substrates and sustaining free FA levels to main-
tain functional mitochondrial metabolism and by
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preventing excessive FAO to resist energy crises. Our
study suggests that autophagy inhibition or a combination
of autophagy inhibition and lipid metabolism blockade
could be a potential therapeutic strategy for the treatment
of LKB1-deficient lung cancer.

Results

Loss of Lkb1 causes Kras-driven lung tumors to escape
adenoviral-Cre-mediated Atg7 deletion

Loss of LKB1 promotes cell growth but also results in
broad defects in metabolic control in response to nutrient
deprivation and other types of metabolic stress (Jeon et al.
2012; Parker et al. 2017). To test the hypothesis that
autophagy is required to compensate for LKB1 loss-in-
duced decrease in metabolic plasticity for tumor growth,
KL mice were crossed with Atg77°% mice possessing
conditional deficiency in Atg7 (Komatsu et al. 2005) to
generate a cohort that was either Atg7*/* or Atg7/1ox//ox,
Mice genotypes were confirmed by PCR for Lkb1, Kras,
and Atg7 (Supplemental Fig. S1A). Initiation of tumori-
genesis by Kras activation and Lkb1 deletion with and
without Atg7 deletion was achieved by an intranasal
delivery of Adenoviral-Cre to the mice. The delivery gen-
erates mice bearing Atg7*/* or Atg7~/~ KL lung tumors.
The effects of the loss of Lkb1 and Atg7 on protein expres-
sion in tumor cells were examined by immunohistochem-
istry (IHC). Lkbl protein expression was completely
absent in KL tumor cells (Supplemental Fig. S1B). Unex-
pectedly, Atg7 protein expression was not homogeneous-
ly deleted in KL tumor cells at a later time point (8 wk
after Adeno-Cre) (Supplemental Fig. S1B). In contrast, in
Lkbl intact Kras-driven tumors, Atg7 was fully deleted
(Supplemental Fig. SIC). We further assessed the autoph-
agy status by examining autophagy substrate p62 and mi-
crotubule-associated protein light chain 3 (LC3) in KL
tumors. In comparison with Atg7*/* tumors, there was
an accumulation of p62 and LC3 in Atg7~/~ KL tumors
at 4 wk after infection, indicating the blockage of autoph-
agy (Supplemental Fig. S1B). However, at a later time
point (8 wk after infection), the accumulation of p62 and
LC3 in most “Atg7 /=" tumors disappeared (Supplemental
Fig. S1B). Consistent with the IHC of Atg7 in “Atg7 /"
tumors, we observed one in five “Atg7~/~” KL tumors
showing increased Atg5-Atgl2 conjugation and decreased
LC3-I accumulation by Western blot (Supplemental Fig.
S1D), indicating autophagy activation. Due to an incom-
plete autophagy ablation in “Atg7~/~” tumors, deletion
of Atg7 only slightly extended mouse survival compared
with mice bearing Atg7*/* tumors (P =0.05) (Supplemental
Fig. S1E). The incomplete deletion of Atg7 in tumors
may be due to the inability of transient expression of Ade-
noviral-Cre to effectively delete all floxed DNA sequenc-
es, resulting in heterogeneous growth of Atg7~/~ and
Atg7ox/Mox wyild-type KL tumors. Alternatively, loss of
Lkbl may select against autophagy-deficient tumor
growth, causing an outgrowth of Atg7/°*/°% wild-type tu-
mors, which would suggest that autophagy is required for
KL tumorigenesis.
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Autophagy is required for KL tumor initiation and further
tumor progression

The use of lentiviruses to deliver Cre (Lenti-Cre) is an al-
ternative to induce lung tumors (DuPage et al. 2009). The
advantage of Lenti-Cre is that lentiviruses will integrate
into the genome of infected cells, allowing for further
modification of the tumors by simultaneously introduc-
ing Cre recombinase, which can lead to higher efficiency
in deleting target genes. To further test our hypothesis
that autophagy compensates for LKB1 loss to sustain KL
tumorigenesis, Lenti-Cre was intranasally delivered into
Atg7** or Atg71o¥/°X KL GEMM:s, and tumorigenesis was
monitored from tumor initiation to tumor progression.
Prior to 10 wk after Lenti-Cre infection, there was no sig-
nificant difference in gross lung pathology as well as wet
lung weight between mice bearing Atg7*/* and Atg7~/~ tu-
mors. After 10 wk of tumor induction, wet lung weight
gradually increased in mice bearing Atg7*/* tumors, indic-
ative of tumor growth, but was maintained in mice bear-
ing Atg7~/~ tumors (Fig. 1A,B). Quantification of tumor
number in scanned lung sections shows that Atg7 abla-
tion significantly reduced the tumor frequency (Fig. 1C,
D). The difference between tumor burden in mice bearing
Atg7** and Atg7~/~ tumors was apparent by examination
of gross wet lung weight and tumor burden in scanned
lung sections. In stark contrast to Atg7*/* mice with sig-
nificantly increased wet lung weight and tumor burden af-
ter tumor induction, the wet lung weight and tumor
burden of Atg7~/~ mice remained unchanged at the indi-
cated times and were significantly lower than those of
Atg7*/* mice (Fig. 1B,C,E; Supplemental Fig. S2A). We fur-
ther monitored KL tumorigenesis by IHC for the defi-
ciency of Lkbl expression in tumors and confirmed the
inhibited growth of Atg7~/~ tumors (Fig. 1F; Supplemen-
tal Fig. S2B). Moreover, Lkb1 deletion was confirmed by
the Western blot of KL tumors (Fig. 1I). Most importantly,
the extent of tumor growth inhibition by Atg7 deficiency
in mice bearing KL tumors was much more dramatic
than that in mice bearing Kras®*?P’*;p53~/~ (KP) tumors
induced by Lenti-Cre. The extent of tumor growth inhibi-
tion was assessed via scanned lung sections, tumor num-
ber, and tumor burden at 14 and 18 wk after Lenti-Cre
infection (Fig. 1C-E). In contrast to KP tumors where
Atg7 deletion extended mouse survival by only 2 wk
(Guo et al. 2013a), KL tumor reduction due to Atg7 loss sig-
nificantly prolonged mouse survival, extending it by >2
mo (Fig. 1G). Mice bearing Atg7~/~ KL tumors died from
a combination of adenocarcinoma, squamous cell car-
cinoma, and inflammation based on tumor histology ex-
amined at 29 wk after Lenti-Cre infection (Supplemental
Fig. S3A,B). Thus, autophagy inhibition could be particu-
larly more effective in treating LKB1-defective KRAS-driv-
en NSCLC than P53-deficient KRAS-driven NSCLC.
Autophagy ablation was confirmed by IHC for Atg7 ex-
pression and accumulation of autophagy substrates p62
and LC3 (Fig. 1H, Supplemental Fig. S2C-E). Autophagy
was functionally blocked in KL tumors with Atg7 dele-
tion, as indicated by the accumulation of p62 and LC3-I
and loss of Atg5-Atgl2 conjugation compared with
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normal lung (WT1) and Atg7*/* KL tumors (Fig. 11). How-
ever, at 22 wk after tumor induction, we observed that
some KL tumor cells showed an escape of Lenti-Cre-medi-
ated Atg7 deletion through examination of IHC for Atg7
(Supplemental Fig. S2C,D). Reduced tumor frequency
and tumor growth in Atg7~/~ mice correlated with the
increased presence of necrotic cells in Atg7~/~ tumors
(Fig. 1], Supplemental Fig. S3A) and increased accumula-
tion of respiration-defective mitochondria examined by
IHC and Western blot for Tom 20 (Fig. 1I,K) and cyto-
chrome ¢ oxidase assay (Fig. 1L). Taken together, autoph-
agy deficiency alters the ability of activated Kras and Lkb1
deficiency to initiate lung tumorigenesis and diminishes
further tumor growth.

Autophagy deficiency reduces residual AMPK activity in
Kras-driven lung tumors

A recent study from the Shaw group (Eichner et al. 2018)
found that AMPK activity is required for Kras-driven
lung tumor growth. We therefore examined the AMPK

Atgs-Atg12 Nk i o

LC3H e o s e o @RI
actin " e e e o

lation of mitochondria in Atg7-deficient tu-
mors at 18 wk after Lenti-Cre infection. (L)
Cytochrome ¢ oxidase activity in tumors at
18 wk after Lenti-Cre infection. For all of the
graphs, the error bar indicates +SEM. (*) P<
0.05; (*) P<0.01; (***) P<0.001. See also Sup-
plemental Figures S2 and S3.

L Cytochrome ¢

oxidase aﬁ
- b

activity in both KP and KL tumors by IHC of AMPK sub-
strate phospho-ACC (Ser79) (pACCS”®). Similar to the
finding of Eichner et al. (2018), pACCS” was detected in
both KP and KL tumors with intact autophagy, indicating
activation of AMPK (Fig. 2A,B). Although LKBI is the ma-
jor activating kinase of AMPK, other upstream kinases
such as calcium/calmodulin-dependent protein kinase ki-
nase 2 (CAMKK2) might promote AMPK activity upon
Lkbl loss to support tumorigenesis (Hardie and Alessi
2013; Eichner et al. 2018). We further found that AMPK
activity was lower in both Atg7-deficient KP and KL tu-
mors as examined by IHC of pACCS”, suggesting that
autophagy might sustain AMPK activity for Kras-driven
lung tumorigenesis.

Autophagy deficiency impairs RAS-induced oncogenic
signaling and increases apoptosis

To determine the course of reduced tumor burden by
autophagy ablation, the RAS downstream oncogenic
signaling was assessed. The levels of phospho-S6 (pS6)
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and phospho-ERK1/2 (pERK) were significantly lower in
Atg7~!~ tumors compared with Atg7*/* tumors (Fig. 2C,
D,F; Supplemental Fig. S3C,D). We further examined tu-
mor proliferation (Ki67) and apoptosis (active caspase-3)
and found that tumors with Atg7 deletion had signifi-
cantly fewer proliferating cells compared with those
with intact Atg7 (Fig. 2E,F; Supplemental Fig. S3E). How-
ever, apoptosis was significantly increased in Atg7~/~ tu-
mors compared with Atg7*/* tumors (Fig. 2G,H).

Reduced proliferation in tumors is often associated with
the activation of senescence (Mufioz-Espin and Serrano
2014); therefore, the activity of senescence-associated f-
galactosidase of Atg7 wild-type and deficient tumors
was assessed at 18 wk after infection. We found that
Atg7 deficiency increased the level of B-galactosidase
activity in KL tumors (Fig. 2I). Thus, the impaired tumor-
igenesis by Atg7 deletion was attributed to increased apo-
ptosis and senescence as well as ablation of proliferation
and oncogenic signaling.
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Autophagy is required to maintain KL tumor energy
homeostasis

Loss of LKB1 causes less metabolic plasticity in response
to energy crises. To broadly assess the metabolic conse-
quences of Atg7 deficiency in tumors, unbiased metabo-
lite profiling of KL tumors at 18 wk after infection was
performed by liquid chromatography/mass spectrometry
(LC-MS). We identified 110 metabolites, eight of which
were down-regulated and 22 of which were up-regulated
in Atg7~/~ tumors compared with Atg7*/* tumors (Fig.
2], K). Altered metabolites included TCA cycle intermedi-
ates, amino acids, and those involved in nucleotide
metabolism, transsulfuration, and catabolites of amino
acids, vitamins, and glucose. Most interestingly, ATP
was strikingly down-regulated in Atg7~/~ tumors. Mean-
while, AMP was increased in Atg7~/~ tumors compared
with Atg7*/* tumors. Similarly, we observed an increase
in GMP, UMP, and CMP in autophagy-deficient tumors,
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indicators of lower energy levels (Fig. 2K). These observa-
tions suggest that autophagy is required to support KL tu-
mor energy production.

Atg7-deficient TDCLs are sensitive to metabolic stress

To address the mechanism by which autophagy supports
KL tumor growth, Atg7*/* and Atg7~/~ TDCLs were gen-
erated from Atg7 wild-type or Atg7-deficient KL lung tu-
mors induced by Adenoviral-Cre. We found that 11 of 15
Atg7~/~ TDCLs displayed accumulation of p62 and LC3-
I and reduced Atg5-Atgl2 conjugation—characteristics
of autophagy defect (Fig. 3A; Supplemental Fig. S4A).
However, four of 15 “Atg7~/~" TDCLs showed undeleted
Atg7 and active autophagy, confirmed by Western blot
and PCR (Supplemental Fig. S4A,B), which was consistent
with our observation in KL tumors that Atg7 was incom-
pletely deleted via Adenoviral-Cre infection (Supplemen-
tal Fig. S1B,D). We further confirmed that these “Atg7 /"
(Atg"**/M1oX) TDCLs were indeed still responding to Adeno-
viral-Cre mediated Atg7 deletion in vitro (Supplemental
Fig. S4C), and acute Atg7 deletion inhibited KL cell prolif-
eration (Supplemental Fig. S4D).

Upon characterization of TDCLs, we assessed the con-
sequence of autophagy deficiency on cell proliferation in
nutrient-rich medium and found no difference between
Atg7 wild-type or Atg7-deficient cells (Fig. 3B), which
could be due to in vitro cell culture selection and adapta-
tion during the generating procedure. Since autophagy is
activated during metabolic stress, we tested the hypothe-
sis that autophagy sustains LKBI1-deficient cell survival
under metabolic stress by starving cells with Hank’s ba-
lanced salt solution (HBSS; no glucose) and evaluated
the cellular clonogenic survival. In contrast to TDCLs
with intact Atg7, starvation of Atg7-deficient TDCLs in-
hibited the clonogenic survival (Fig. 3C; Supplemental
Fig. S4E). Furthermore, we challenged Atg7*/* and
Atg7~/~ TDCLs with other metabolic stresses, including
deprivation of glucose and glutamine individually. Dif-
ferent from KP TDCLs, which were reported previously
to be sensitive to glutamine deprivation (Guo et al.
2013a), KL TDCLs were much more sensitive to glucose
deprivation (Fig. 3D), consistent with the previous report
that loss of LKBI1 increases glycolysis (Faubert et al.
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2014). Despite this, deletion of Atg7 further accelerated
the KL cell death induced by glucose or glutamine depri-
vation (Fig. 3D).

We further knocked down Atg5 in Atg7** KL TDCLs
using siRNA and found that knockdown of Atg5 sig-
nificantly reduced cell proliferation and increased the sen-
sitivity of KL cells to HBSS (no glucose) starvation-induced
cell death (Supplemental Fig. S4F,G). Thus, KL TDCLs
require autophagy to survive metabolic challenges.

Autophagy mediates substrate recycling for TCA
metabolism to maintain energy homeostasis in
starvation

Loss of autophagy as a metabolic input would be expected
to also influence metabolite concentrations. However, we
did not observe concentration changes of metabolites
between Atg7*/* and Atg7~/~ TDCLs in nutrient-rich con-
ditions (Fig. 4A; Supplemental Fig. S5A), which could be
offset by the increased consumption from medium. In-
deed, we observed that Atg7-deficient TDCLs increased
the consumption of glucose, glutamine, serine, threonine,
proline, and methionine from medium by assessing the
levels of medium metabolites (Fig. 4B; Supplemental
Fig. S5B). However, during HBSS starvation, the levels of
the key TCA cycle intermediates and majority of amino
acids were significantly lower in Atg7~/~ TDCLs com-
pared with Atg7*/* TDCLs (Fig. 4A; Supplemental Fig.
S5A), demonstrating that autophagy mediates intracellu-
lar substrate recycling in starvation.

To further determine which nutrients are essential for
Atg7~/~ TDCLs to survive starvation, we supplemented
HBSS with individual amino acids, glucose, membrane-
permeable a-ketoglutarate (a-KG) analog (dimethyl-a-
KG), lactate, or pyruvate and assessed clonogenic survival.
We found that supplementation of dimethyl-a-KG, gluta-
mine, proline, glucose, pyruvate, and lactate, which can
contribute carbons to the TCA cycle to maintain mito-
chondrial metabolism, rescued the survival of Atg7-null
cells (Fig. 4C-E; Supplemental Fig. S4E). Consistent
with impaired substrate supply during HBSS starvation
(Fig. 4A), Atg7~/~ TDCLs showed significantly reduced
mitochondrial oxygen consumption rates (OCRs) com-
pared with Atg7*/* cells in starvation. The decreased

Figure 3. Autophagy-deficient KL TDCLs are
A sensitive to metabolic challenge. (A) Western
Y Y N blot of Atg7, p62, LC3, and B-actin in KL
TDCLs. (B) Cell proliferation of KL TDCLs
in nutrient-rich RPMI medium analyzed using
IncuCyte live-cell analysis system. (C,D) Clo-
nogenic survival assay of TDCLs following
Hank’s balanced salt solution (HBSS; no
glucose) starvation (C) or glucose (Gluc) or glu-
tamine (Gln) deprivation (D). See also Supple-
mental Figure S4.

72 hours recovery

GENES & DEVELOPMENT 155


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320481.118/-/DC1

Bhatt et al.

A Citrate Aconitate a-Ketoglutarate Fumarate B Glucose
20000 1500(:3 120000. e 80000 51 T,
15000 10000 “ 60000. 3 08 =
3 *% 80000 2
Q10000 50001 laan - * © 06
O 5000 1ili-lﬁ * 1500 40000 —|:L 2 04
§ 1000 L1 e oo 20000 3 02
= o o © 00
RPMI  HBSS RPMI HBSS RPMI  HBSS RPMI  HBSS hro 12 24
3000000, Malate Glutamine Glutamate Proline Glutamine
£ 2500001 Sa00000. 9000000 20000 2126 11 o TSI 1
5 200000 1000000“'“.ﬂ * 7ooooooli 'I ﬂ 400000, *_ E821263-1 [Alg7" g 08 o
8 150000 I" ﬁ * 60000 _q 50000004 H-=Mlld k%% 300000 I 2126 3-2 © 0.6
100000 n q 0000, 2000000 200000 1956 1-1 2 04
5 «0oooot DUNNNN fnilzaz, 200 1000000 100000 1956 3-4 |Atg7"‘ g 02
0 o o 0 11956 3-10 @ 00
RPMI HBSS RPMI HBSS RPMI HBSS RPMI HBSS 0 12 24
Proline %
C Kras®'?"; L kb1” D Kras®'20"; | kb1* B0 [
Atg7* Atg7”" Atg7+" Atg7” 206
2126 1-1 2126 3-1 21263-2 1956 1-1 1956 3-4 1956 3-10 212611 21263-1 212632 1956 1-1 1956 3-4 1956 3-10 204
S So2
2 a | oo
£ 2\ '@ hro 12 24
i/
2 v g y DA[Q7/
S € i i W Atg7”
3 54 | :
o A\ E
2 © =
[ |
5 ‘ ’ (!D
s E
o - -
o - \i o
T |/ £
gl i S
5 ’ \ 4 . 3 v a
18 hours treatment, 72 hours recovery 18 hours treatment, 72 hours recovery
E Gluiose F
{ . 500 *kk
Lactate — Pyruvate g3 g 1!
4 £ * £ 400 fxxx 3] 2126 3-1
FAs S 2001 2 3 *E e} |Atg7*/*
Acetyl-CoA  x £ - g 300 o m2126 3-2
Citrate S0 S 200 = 1956 1-1 |Atg7'/'
= 10 So; =11956 3-10
5] o &
a KG © © o 0
i e N 2 O )
1 S F S SFF g
Proline — Glutamate & & & &
4 RS RS
Glutamine
G ATP ADP AMP %% ek
15000 15000
2126 1-1
€ 30000 2126 31 |Atg7*/+
gwooo 10000 2126 3-2
[3) m 20000 E1956 11 | 410
< 5000 & 000 m 195634 | Al
S 400 10000 =1 1956 3-10
200 —
0
RPMI  HBSS HBSS+Q RPMI  HBSS HBSS+Q RPMI  HBSS HBSS+Q

Figure 4. Autophagy mediates substrate recycling for TCA metabolism to maintain energy homeostasis in starvation. (A) Levels of TCA

cycle intermediates and derivatives in nutrient-rich RPMI and after 1 h

of HBSS starvation. (B) Glucose, glutamine, and proline consump-

tion of TDCLs in nutrient-rich RPMI conditions. Each bar represents the average of four clones from Atg7*/* or Atg7~/~ TDCLs. (C,D)

Clonogenic survival assay of Atg7*/* and Atg7~/~ TDCLs in HBSS and

HBSS supplemented with 2 g/L glucose, 1 mM sodium pyruvate,

2 mM lactate, 2 mM glutamine, ] mM membrane-permeable a-ketoglutarate (a-KG) analog (dimethyl-a-KG), or 2 mM proline. (E) Sche-
matic of carbon contribution to TCA cycle. (F) Basal oxygen consumption rate (OCR) and relative OCR of TDCLs after 1 h of treatment
with RPMI, HBSS, or HBSS supplemented with glutamine (Q). (G) The levels of adenosine phosphates (ATP, ADP, and AMP) in Atg7*/*
and Atg7~/~ cells in RPMI, HBSS, or HBSS supplemented with glutamine after 1 h of treatment. For all of the graphs, the error bar indicates
+SEM. (*) P<0.05; (**) P<0.01; (***) P<0.001. See also Supplemental Figure S5.

OCR in Atg7 7/~ cells in HBSS was fully rescued by supple-
mentation with glutamine (Fig. 4F). Glutamine supple-
mentation also rescued Atg5s knockdown cells in
starvation (Supplemental Fig. S4H). Thus, autophagy is re-
quired to supply substrates for maintaining mitochondrial
metabolism in KL TDCLs.

The primary source of ATP in mammals is TCA cycle-
driven oxidative phosphorylation. Decreased TCA cycle
metabolites and OCR in starving autophagy-deficient
cells (Fig. 4A,F) prompted us to hypothesize that autoph-
agy makes a large contribution to maintain the energy
homeostasis in starvation. As expected, ATP levels were
not influenced by autophagy deficiency in nutrient-rich
conditions but were significantly decreased in Atg7~/~
TDCLs in starvation compared with cells that have intact
autophagy (Fig. 4G). In association with decreased ATP
levels, AMP levels were significantly increased in starved
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Atg7™/~ TDCLs. Glutamine supplementation restored
ATP and reduced AMP levels in starved Atg7~/~ TDCLs
(Fig. 4G). These findings suggest that substrates recycled
from autophagy are required to maintain energy homeo-
stasis of Lkb1-deficient tumor cells in starvation.

Atg7 prevents nucleotide catabolism in starvation

Our previous study demonstrated that autophagy defi-
ciency causes profound nucleotide depletion and cell
death in KP TDCLs during starvation, driven by nucleo-
tide catabolism (Guo et al. 2016). Therefore, we examined
whether autophagy is also required to maintain a nucleo-
tide pool for KL cells to survive starvation. In addition to
the reduced ATP levels (Fig. 4G), we found that there
was a substantial accumulation of both purine and pyrim-
idine bases (inosine, hypoxanthine, xanthine, and uracil)
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in starved Atg7~/~ KL cells (Supplemental Fig. S6A,B), in-
dicating increased nucleotide catabolism by autophagy
ablation. To understand the functional consequence of
autophagy in sustaining nucleotide levels, we supple-
mented the KL TDCLs with nucleosides in starvation
and found that adenosine, guanosine, and uridine were
sufficient for the rescue of Atg7~/~ cells (Supplemental
Fig. S6C). Thus, in starvation, prevention of nucleotide
pool degradation by autophagy is a common feature in
both KP and KL lung cancer cells.

Autophagy deficiency alters the lipid metabolism of
Lkb1-deficient tumor cells

The intracellular storage and utilization of LDs are critical
to maintain cellular energy homeostasis. During nutrient
deprivation, LDs are hydrolyzed into FAs via cytosolic li-
polysis and autophagy-mediated lipophagy for FAO (Singh
et al. 2009; Rambold et al. 2015; Zechner et al. 2017).
LKB1/AMPK signaling regulates lipid metabolism to
maintain energy homeostasis under energy stress (Shack-
elford and Shaw 2009; Faubert et al. 2014). To understand
the role and underlying mechanism by which autophagy
modulates lipid metabolism for KL tumorigenesis, we
first examined the LDs in KL tumors by Oil Red
O staining. Unlike KP lung tumors (Guo et al. 2013a),
the LDs in Atg7~/~ KL tumors were significantly lower
than those in Atg7*/* KL tumors (Fig. 5A). As in the prima-
ry tumors, there were fewer LDs in Atg7-deficient cells

Kras®?*:Lkb1"

Autophagy supports Lkb1-deficient lung tumorigenesis

than Atg7 wild-type KL cells in starvation (Fig. 5B,C).
However, more LDs were observed in Atg7~/~ KP TDCLs
than in Atg7*/* KP cells (Fig. 5B,C; Guo et al. 2013a). Thus,
the role of autophagy in lipid metabolism could be onco-
genic driver-dependent.

To further confirm that autophagy modulates lipid
metabolism in LkbI-deficient lung cancer cells, we per-
formed lipidomics in KL TDCLs by LC-MS and found
that of 139 examined lipids, the levels of 114 lipids
showed significant differences between Atg7*/* and
Atg77/~ cells, with 68 increasing and 46 decreasing by
autophagy ablation in nutrient-rich conditions (Fig. 5D).
We also found that of 97 examined saponified FAs, 75 sa-
ponified FAs showed significantly higher levelsin Atg7 ™/~
TDCLs compared with Atg7*/* TDCLs in nutrient-rich
conditions.

Synthesis of FAs is an essential cellular process that
converts nutrients into metabolic intermediates for mem-
brane biosynthesis, energy storage, and the generation of
signaling molecules (Mashima et al. 2009; Beloribi-
Djefaflia et al. 2016). Glucose contributes carbon for FA
synthesis (Fig. 4E). To understand the mechanism by
which autophagy modulates lipid metabolism and study
the specific pathway of FA synthesis in which autophagy
could be involved, we labeled Atg7*/* or Atg7~/~ TDCLs
with [U'3Cg] glucose in steady state and examined the car-
bon contribution to FAs. As shown in Figure 5E and Sup-
plemental Figure S7A, the short chain FAs that mainly
come from de novo synthesis showed higher percentages
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Figure 5. Autophagy deficiency alters lipid metabolism. (A, B) Representative Oil Red O staining of KL tumors (A) and KL and KP TDCLs
in RPMI and HBSS starvation (B). (C, left) Quantification of Oil Red O staining of TDCLs from Image]. (Right) Quantification of Oil Red O
staining normalized to RPMI to show significant reduction of LDs in Atg7~/~ KL TDCLs in starvation. (D] Comparison of lipids between
Atg7*/* and Atg7~/~ cells in nutrient-rich conditions obtained by LC-MS. (E] [U'*C6] glucose tracer labeling to FAs of TDCLs in steady
state. (F) Cell proliferation rate in the absence or presence of 50 uM FA synthase inhibitor fasnall in a nutrient-rich RPMI condition. For all
of the graphs, the error bar indicates +SEM. (*) P<0.05; (**) P<0.01; (***) P<0.001. See also Supplemental Figure S7.
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of 13C labeling in Atg7~/~ cells than that in Atg7*/* cells.
However, the long chain FA '3C-labeling pattern dis-
played a clear bimodal distribution. The heavy-labeled
fractions come from de novo synthesis, while the light-
labeled fractions come from elongating shorter unlabeled
FAs. The Atg7~/~ cells showed a much higher percentage
of de novo synthesized long chain polyunsaturated FAs
(Fig. 5E; Supplemental Fig. S7A). Thus, autophagy defi-
ciency increases de novo FA synthesis and reduces FA
elongation. Taken together, our observations demonstrate
that autophagy deficiency alters KL tumor cell lipid
metabolism.

Highly proliferating cancer cells need continuous de
novo FA synthesis to support metabolism (Mashima
et al. 2009; Beloribi-Djefaflia et al. 2016). Increased de
novo FA synthesis by autophagy deficiency could be a
metabolic bypass for cells to compensate for defective
lipophagy, which could also be a vulnerable metabolic tar-
get in autophagy-deficient cells. To test this hypothesis,
we treated Atg7*/* or Atg7~/~ KL TDCLs with a selective
FA synthase inhibitor, fasnall, in nutrient-rich conditions
and monitored cell proliferation. As expected, inhibition
of FA synthesis by fasnall prevented cell proliferation
and inhibited clonogenic survival. Moreover, autophagy
depletion further accelerated cell death with fasnall treat-
ment (Fig. 5F; Supplemental Fig. S7B). This result indi-
cates that a combination of inhibiting autophagy and FA
synthesis can be used as a therapeutic strategy for LKB1-
deficient lung cancer.

Autophagy is required to maintain free FA levels for KL
cell starvation survival

Defective intracellular recycling during starvation due
to autophagy deficiency limits substrate supply to the
TCA cycle in both KL (Fig. 4A; Supplemental Fig. S5A)
and KP (Guo et al. 2016) cells. In response to energy crises,
in addition to lactate, glucose, and glutamine, FAs also
serve as substrates through p-oxidation to maintain ener-
gy homeostasis. To examine whether autophagy is re-
quired to maintain the proper levels of FAs in KL cells
during starvation, the levels of saponified FAs in KL cells
after 4 h of HBSS starvation were measured by LC-MS (Fig.
6A,B). Following starvation, the relative levels of saponi-
fied FAs were increased in both Atg7*/* and Atg7~/~
TDCLs (normalized to 0 h of starvation). Of the 95 sapon-
ified FAs examined, 26 FAs showed significant differences
between Atg7*/* and Atg7~/~ KL cells, with 25 decreasing
and one increasing due to autophagy ablation (Fig. 6A,B),
indicating that autophagy is required to maintain the FA
levels of KL cells during starvation.

To elucidate the functional consequence of autophagy-
mediated FA maintenance, we supplemented HBSS
with bovine serum albumin (BSA)-conjugated palmitate
(BSA-Pal) and found that the addition of BSA-Pal rescued
Atg7’/ - KL TDCLs in starvation. However, BSA-Pal
supplementation failed to rescue starvation-induced
autophagy-deficient KP cell death (Fig. 6C; Supplemental
Fig. S4E). Additionally, BSA-Pal supplementation rescued
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the decreased OCR of Atg7~/~ KL cells in HBSS starvation
(Fig. 6D). Lipophagy is abolished in Atg7-deficient cells
(Singh et al. 2009), which could promote lipase-mediated
lipolysis to compensate for autophagy loss and maintain
free FA levels in order for these cells to survive starvation.
To test this possibility, we treated Atg7*/* and Atg7~/~
TDCLs with a lipase inhibitor, orlistat, in normal and
starvation conditions and examined their clonogenic sur-
vival. Orlistat treatment did not impact cell proliferation
in nutrient-rich conditions but accelerated starvation-
induced Atg7~/~ cell death (Fig. 6E). Taken together,
autophagy maintains FA levels to ensure energy produc-
tion through FAO for Lkbi-deficient cells to survive
starvation.

Autophagy deficiency augments the intrinsic propensity
of KL tumor cells to FAO dependency in starvation

To further address the mechanism by which autophagy
deficiency causes reduced LD storage and inhibits tu-
morigenesis, we tested the hypothesis that in the absence
of autophagy during starvation, defective intracellular
recycling limits amino acids and glycolytic intermediates
to support mitochondrial energy production (Fig. 4A;
Supplemental Fig. S5A). This could cause autophagy-defi-
cient cells to rely more on FAO for energy production. As
expected, in nutrient-rich conditions, FAO inhibitor eto-
moxir (ETO) did not impact cell proliferation in both
Atg7*"* and Atg7~/~ KL TDCLs (Fig. 6F; Supplemental
Fig. S7C). However, ETO treatment accelerated starva-
tion-induced Atg7~/~ cell death (Fig. 6F). We further exam-
ined the OCR of KL TDCLs in response to ETO treatment
during starvation. KL TDCLs were briefly starved for 1 h
and then treated with ETO, and OCR was subsequently
measured. OCR of Atg7-null cells was dramatically ablat-
ed with ETO treatment compared with Atg7*/* cells
(Fig. 6G). Thus, autophagy may sustain KL tumor growth
by preventing excessive FAO to avoid an energy crisis.

Autophagy supports LKB1 mutant human lung cancer
cells to survive starvation

To probe the significance of autophagy in human lung
cancer cell lines with LKBI mutation, the functional con-
sequence of siRNA knockdown of ATG7 was assessed in
KRAS mutant cells with wild-type LKBI (H441) or mu-
tant LKB1 (H23, HCC44, and H1355). ATG7 expression
was suppressed by targeted siRNA, leading to the reduced
LC3-II and increased LC3-I and p62 protein levels, indi-
cative of autophagy blockage (Fig. 7A). Compared with
LKB1 wild-type H441 cells, LKB1 mutant cells (H23,
HCC44, and H1355) were much more sensitive to HBSS
starvation-induced cell death (Fig. 7B), supporting the con-
cept that loss of LKB1 leads to less plasticity in response to
nutrient deprivation (Jeon et al. 2012; Parker et al. 2017).
Furthermore, ATG7 knockdown not only inhibited cell
proliferation of LKB1 mutant cells in nutrient-rich condi-
tions (Fig. 7C) but also prevented clonogenic survival of
LKB1 mutant cells in starvation but has no effect on
LKB1 wild-type cells (Fig. 7D). Supplementation of gluta-
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mine or BSA-Pal in HBSS rescued the survival of ATG7
knockdown LKBI mutant cells in starvation (Fig. 7E).
Meanwhile, ATG7 knockdown decreased the OCR of
HCC44 and H1355 cells in starvation, which was rescued
by BSA-Pal supplementation (Fig. 7F). Knockdown of
ATGS5 in LKBI mutant HCC44 and H1355 cells also re-
duced cell proliferation and increased sensitivity to HBSS
starvation-induced cell death; supplementation of gluta-
mine or BSA-Pal in HBSS rescued the survival of ATGS
knockdown HCC44 and H1355 cells in starvation (Sup-
plemental Fig. S7D-F). Taken together, our results dem-
onstrate that KRAS-driven human lung cancer cells with
mutant LKB1 rely on autophagy to maintain mitochondri-
al metabolism to survive energy crises.

Discussion

Intranasal delivery of both Adenoviral-Cre and Lenti-Cre
can successfully induce Kras-driven NSCLC in GEMMs
(DuPage et al. 2009; Gierut et al. 2014; Platt et al. 2014).
In this study, Adenoviral-Cre and Lenti-Cre were used to
induce Lkb1-deficient lung tumorigenesis separately. Un-
expectedly, Atg7 was not homogeneously deleted in KL
tumors with Adenoviral-Cre infection, leading to a mildly
extended survival advantage with Atg7 ablation compared
with mice bearing wild-type tumors. Li et al. (2015) report-
ed that the deletion of Atg5 in KL tumors with Adenovi-
ral-Cre intranasal infection did not impact tumor
growth, which could be a result of incomplete Atg5 dele-
tion. However, by using Lenti-Cre infection in KL mice,
we found that the efficiency of Atg7 deletion from the
KL tumor cells was dramatically increased. As a conse-
quence of Atg7 deletion, tumor frequency and tumor bur-
den were significantly reduced in mice bearing Atg7~/~
tumors compared with mice bearing Atg7*/* tumors.
Our studies demonstrate that autophagy is essential for
Lkb1-deficient lung tumorigenesis, which is consistent
with our previous work (Guo et al. 2011, 2013b, 2016;
Guo and White 2013) and supports the concept of inhibit-
ing autophagy to metabolically compromise the growth
and survival of Ras-driven cancers.

What is new here is that autophagy ablation is more ef-
fective in inhibiting KL tumorigenesis than in suppressing
KP tumor growth. We found that autophagy ablation was
synthetically lethal during KL tumorigenesis and dramat-
ically impaired both the frequency of tumor initiation and
tumor growth. However, autophagy deficiency does not
affect KP tumor initiation (Guo et al. 2013a). Therefore,
the role of autophagy in tumor initiation could be onco-
genic driver-dependent. Regarding the consequences of
autophagy ablation on tumor growth, few KL tumors
with autophagy defects eventually formed, which is corre-
lated with the decreased oncogenic signaling, increased
apoptosis and senescence, and prolonged mouse survival.
In mice bearing KP tumors, the loss of Atg7 extended
mouse survival by just 2 wk (Guo et al. 2013a). However,
Atg7 deficiency extended KL mouse life span by >2 mo
(Fig. 1G). Loss of Lkb1 promotes transdifferentiation of ad-
enocarcinoma to squamous cell carcinoma at the late
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stage of tumor progression in KL GEMMs (Ji et al. 2007;
Han et al. 2014). We found that mice bearing Atg7~/~ KL
tumors died from a combination of adenocarcinoma, squ-
amous cell carcinoma, and inflammation (Supplemental
Fig. S3B). Therefore, the role of autophagy in regulating
KL lung tumor differentiation needs further investigation.
LKBI1 loss promotes tumorigenesis but also leads to a lack
of metabolic plasticity in response to an energy crisis (Par-
ker et al. 2017), which is also confirmed in human cancer
cells in response to starvation (Fig. 7B; Supplemental Fig.
S7F). Therefore, LKB1-deficient cancer cells are driven to
activate alternative metabolic pathways to prevent cell
death. Our findings demonstrate that autophagy could
be one of the alternatives, and autophagy inhibition could
particularly be effective in the treatment of LKB1-defec-
tive KRAS-driven NSCLC that failed to respond to other
treatments, including immunotherapy (Siegel et al.
2015; Skoulidis et al. 2018). In addition, a previous study
demonstrated that Atg7 regulates the p53-dependent cell
cycle and cell death pathway to survive metabolic stress
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(Lee et al. 2012). This could explain the different antitu-
mor effects of Atg7 deletion in KL and KP tumors, which
need further investigation. However, knockdown of Atg5
in KL cells inhibited cell proliferation and accelerated cell
death in starvation, demonstrating that impaired tumori-
genesis by Atg7 ablation is mainly through autophagy-de-
pendent function.

AMPK activity is required for Kras-driven lung tumor
growth (Eichner et al. 2018). Reduced AMPK activity in
autophagy-deficient KP and KL tumors might contribute
to the impaired tumorigenesis. However, the mechanism
that promotes AMPK activation upon loss of Lkbl and
how autophagy deficiency prevents this processing need
further investigation.

Autophagy degrades and recycles macromolecules to
sustain cellular and tissue homeostasis in starvation. Dif-
ferent from a previous study showing that acute knock-
down of Atg5 by siRNA attenuates glucose uptake (Roy
et al. 2017), we found that glucose consumption is in-
creased in Atg7~/~ TDCLs in nutrient-rich conditions
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(Fig. 4B), which might be used to compensate for defective
intracellular recycling for proper cell proliferation. A pos-
sible reason for these different phenotypes could be that
Atg7~/~ TDCLs went through in vitro cell culture selec-
tion and adaption during the generation process. The pre-
sent study further supports our previous concept that
autophagy sustains the level of mitochondrial TCA cycle
intermediates and derivatives for energy homeostasis and
prevents nucleotide catabolism during starvation in Kras-
driven lung cancer cells (Guo et al. 2016). Different from
p53 deletion, the loss of LKBI significantly up-regulates
de novo FA synthesis (Faubert et al. 2014; Svensson
et al. 2016). FAO has been reported to play an important
role in KL tumor mitochondrial energy production and tu-
mor growth (Svensson et al. 2016). Here, we demonstrate
that autophagy plays a prominent role in regulating
lipid metabolism for Lkb1-deficient lung tumorigenesis.
The possible mechanism is that in nutrient-rich condi-
tions, both autophagy-intact and autophagy-deficient
KL tumors are able to maintain energy homeostasis for
cell proliferation. In response to nutrient deprivation,
autophagy-mediated intracellular recycling is essential
for supporting mitochondrial energy production and
maintaining a LD reserve in Lkb1-deficient tumor cells.
Without autophagy, however, tumor cells increase their
reliance on FAO for energy homeostasis to compensate
for defective recycling of TCA cycle intermediates and
derivatives, which depletes lipid stores, likely causing
an energy crisis (Fig. 7G). Additionally, we found that
autophagy deficiency increases de novo FA synthesis
and inhibits FA elongation, suggesting that autophagy ab-
lation rewires the lipid metabolism, which could be a
metabolic bypass for KL tumors to survive autophagy inhi-
bition. In fact, we found that inhibiting lipolysis by orlistat
or inhibition of FAO by ETO accelerated starvation-in-
duced Atg7-null cell death. Therefore, a combination of
autophagy inhibition and lipid metabolism interruption
could be an effective therapy for LKB1-deficient RAS-driv-
en lung cancer.

We also validated our findings in KRAS-driven human
lung cancer cells with or without LKB1 mutations. Com-
pared with LKB1 wild-type cells, LKB1 mutant cells are
sensitive to starvation-induced cell death, which is aggra-
vated by ATG7 or ATG5 knockdown, validating our find-
ings in the KL mouse model and TDCLs. These results
strongly demonstrate that autophagy is indispensable for
the survival of LKB1-deficient KRAS mutant lung cancer
cells during energy crises.

Materials and methods

Mice

Animal studies followed protocols approved by the Institutional
Animal Care and Use Committee. Kras®'?P/, Atg7*/+ and
Kras®12PH, Arg7"¥/Mo% mice generated in our previous study
(Guo et al. 2013a) were crossed with Lkb1°*/19X mice (Jackson
Laboratory) to generate Atg7*/* and Atg79°¥/%°% K1, mice. Mice
were infected intranasally with Adenoviral-Cre (University of
Towa Viral Vector Core) at 4 x 107 plaque-forming units (pfu) per
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mouse or Lenti-Cre (University of Iowa Viral Vector Core) at 1 x
10° pfu per mouse at 6-8 wk of age to induce lung tumors.
Atg7** and Atg79o/Mox KP mice were infected intranasally with
Lenti-Cre at 1x10° pfu per mouse at 6-8 wk of age to induce
lung tumors.

Tumor burden quantification

Hematoxylin and eosin (H&E)-stained lung specimens were im-
aged at Rutgers Cancer Institute of New Jersey Biomedical Infor-
matics shared resource using an Olympus VS120 whole-slide
scanner (Olympus Corporation of the Americas) at 20x magnifi-
cation. The image analysis protocol was custom-developed on
the Visiopharm image analysis platform (Visiopharm A/S) to
identify tissue area and compute tumor burden based on semiau-
tomatically detected tumors. Tumor masks and whole-tissue
masks were computed from low-resolution image maps, which
were extracted from whole-slide images. Tumor and whole-tissue
masks were created for each slide. The segmentation masks were
used for generation of ratios of tumor burden.

Histology and IHC

Five mice from each group (Atg7*/* or Atg7~/~) were sacrificed via
cervical dislocation at 6, 10, 14, 18, and 22 wk after Lenti-Cre in-
fection. Paraffin-embedded sections and frozen sections were pre-
pared as described previously (Guo et al. 2013a). For IHC, paraffin-
embedded sections were stained with antibodies against Atg7
(Sigma, A2856), LC3 (Nano Tools, LC3-5F10), p62 (Enzo Life Sci-
ences, PW9860-0100), Ki67 (Abcam, ab-15580), pACCS™ (Cell
Signaling, 36618S), pS6 (Cell Signaling, 4858S), p42/44 MAPK (p-
ERK) (Cell Signaling, 4376), cleaved caspase3 (Cell Signaling,
9661S), Tom20 (Abcam, ab186735), and Lkb1 (Santa Cruz Bio-
technology, sc-32245).

Cytochrome c oxidase staining

A modified Nadi reaction was conducted as follows: Freshly fro-
zen sections were stained in incubating solution (75 mg of sucrose
in 7.5 mL of water, 0.2 M phosphate buffer at pH 7.6, 5 mg of 3’
diaminobenzidine tetrachloride, 10 mg of cytochrome ¢, 20 pg
of catalase) for 1 h at room temperature. Catalase (C-10), cyto-
chrome C (C-2506), and DAB (D-5637) were purchased from
Sigma. Slides were washed three times in deionized water and
then dehydrated in ascending alcohols (50%, 70%, 80%, 95%
twice, and then 100% twice) prior to mounting and imaging.

Senescence-associated p-galactosidase assessment

The B-galactosidase staining was performed per the manufactur-
er’s recommendations as described previously (Guo et al. 2013a)
(Cell Signaling, 9860). Tissue sections were visualized and im-
aged under a 20x objective using a Zeiss Primo Vert microscope
with a Lumenera Infinity camera.

Reagents

[U3C6] glucose was purchased from Cambridge Isotope Laborato-
ries. Dextrose (D-Glucose) was purchased from Fisher Scientific.
Glutamine, pyruvate, lactate, dimethyl-a-KG, proline, uridine,
adenosine, guanosine, inosine, BSA, palmitate, ETO, fasnall, and
orlistat were purchased from Sigma-Aldrich. RPMI-1640, RPMI-
1640 without glucose, and RPMI-1640 without glutamine media
were purchased from Invitrogen. Negative control siRNA (51-
01-14-03) and ATG7 siRNA (194439024) were purchased from
IDT DNA. Atg5 siRNA (mouse; J-064838-05-0005, J-064838-06-
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0005, and J-064838-07-0005) were purchased from Dharmacon,
Inc., and mixed to make a SMARTpool. ATG5 SMARTpool
siRNA (human; 1-004374-04-0005) was purchased from Dharma-
con, Inc. HBSS (no glucose) was configured according to the formu-
la (Thermo Fisher, 14025092), but no glucose was added.

Cell culture

Atg7** and Atg7~/~ KL TDCLs were generated from Atg7*/* KL
or Atg7~/~ KL lung tumors at 10 wk after tumor induction by Ad-
enoviral-Cre. Atg7*/* and Atg7~/~ KP TDCLs were generated pre-
viously (Guo et al. 2013a). TDCLs were cultured in RPMI-1640
medium containing 10% fetal bovine serum (FBS), 1% penicil-
lin/streptomycin, and 0.075% sodium bicarbonate at 38.5°C
with 8.5% CO,.

LKB1 wild-type (H441) and LKBI1 mutant (H23, HCC44, and
H1355) human lung cancer cell lines with KRAS mutation were
generously provided by the Pine laboratory at Rutgers Cancer
Institute of New Jersey. The cells were cultured in RPMI-1640 me-
dium containing 10% FBS, 1% penicillin/streptomycin, 0.075%
sodium bicarbonate, and 2 mM glutamine at 37°C with 5% CO,.

Cell lines were routinely confirmed to be free of mycoplasma
using the MycoAlert mycoplasma detection kit (Lonza).

Adenoviral-Cre-mediated deletion of Atg7 in Atg719/f1°% KL TDCLs

Atg7*!* or Atg7"°¥/°X KL, TDCLSs were seeded in 10-cm dishes in
normal growth medium. The following day, when cells were at
70%-80% confluence, fresh medium with Adenoviral-Cre (2.5 x
10% pfu) was supplemented and incubated for 24 h. The cells
were then seeded in 12-well plates for cell proliferation and clono-
genic survival assay in HBSS starvation or HBSS supplemented
with 2 mM glutamine or 20 uM BSA or BSA-Pal. Cell lysates
were collected for Western blot to confirm Atg7 deletion at 48
h after infection.

Using siRNA to knock down ATG5 and ATG7 in KL TDCLs or human
lung cancer cell lines

Cells were seeded in six-well plates in normal growth medium.
The following day, when cells were at 70%-80% confluence,
RPMI was removed and replaced with fresh medium with control
or targeted siRNAs (200 pmol siRNA for human ATG7; 500 pmol
SMARTpool siRNA for mouse Atg5 or human ATG5) in Lipofect-
amine 3000 (Invitrogen, L3000-015) and opti-MEM and then incu-
bated for 48 h. The cells were then seeded in 12-well plates for cell
proliferation and clonogenic survival assay in HBSS starvation or
HBSS supplemented with 2 mM glutamine or 20 1M BSA or BSA-
Pal. Cell lysates were collected for Western blot to confirm pro-
tein knockdown at 48 h after transfection.

Cell proliferation assay

For IncuCyte measurement, cells were seeded at 4 x 10* cells per
well in 12-well plates in nutrient-rich RPMI condition. Cell pro-
liferation assay was performed for 4 d using IncuCyte live-cell
analysis system and analyzed using IncuCyte Zoom.

For manual counting, cells were trypsinized off culture dishes
and then counted in triplicates using a Vi-Cell counter.

Clonogenic survival assay

Starvation clonogenic survival assay was performed as described
previously (Guo et al. 2011, 2013a) and stained with 1x Giemsa
(Sigma-Aldrich).
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Assessment of OCR

OCR of TDCLs was measured using a Seahorse Biosciences extra-
cellular flux analyzer (XF24) as described previously (Guo et al.
2011, 2016). Briefly, cells were seeded at 2.5 x 10* to 3 x 10* cells
in the XF24 plates overnight prior to XF assay. Cells were preincu-
bated in RPMI, HBSS, and HBSS supplemented with 2 mM gluta-
mine for 1 h, and basal OCRs were measured subsequently.
Relative OCR (percentage) was normalized to the RPMI
treatment.

For palmitate-induced OCR, cells were preincubated in HBSS
supplemented with 20 pM BSA or BSA-Pal for 1 h; subsequently,
a readout of basal OCR was measured.

For FAO assay in starvation, KL TDCLs were briefly starved in
HBSS for 1 h and then treated with vehicle control or 50 uM ETO;
a readout of basal OCR was subsequently measured upon
treatment.

Glucose and amino acid consumption assay

TDCLs were plated at 0.5 x 10 cells per 6-cm dish. The following
day, fresh RPMI medium was replaced, and medium was collect-
ed at 0, 12, and 24 h. The levels of glucose and amino acids in me-
dium were measured using LC-MS. Cell number was measured at
each time point for normalization.

Metabolomic analyses by LC-MS

Methanol:acetonitrile:water (40:40:20) with 0.5% formic acid
solution followed by neutralization with 15% ammonium bicar-
bonate was used to extract metabolites from cells and tumors for
LC-MS analysis, as described previously (Guo et al. 2016; Hui
et al. 2017). Extracting saponified FAs from cells was performed
as described previously (Guo et al. 2013a).

For de novo FAs synthesis analysis, TDCLs were cultured in 6-
cm dishes in RPMI containing 2 g/L [U*3C6] glucose for 3 d and
assessed in triplicate. Fresh medium was changed every day to
maintain nutrient-rich conditions. Saponified FAs were extracted
as described above for LC-MS analysis after 3 d of labeling.

LC-MS analysis of the extracted metabolites, FAs, and lipids
was performed on a Q Exactive Plus hybrid quadrupole orbitrap
mass spectrometer (Thermo Fisher Scientific) coupled to hydro-
philic interaction chromatography (HILIC).

Detailed methods of metabolomic and lipidomic analysis by
LC-MS are in the Supplemental Material.

Western blotting

Tumor samples were snap-frozen, ground using Cryomill in lig-
uid nitrogen at 25 Hz for 2 min, and lysed in Tris lysis buffer. Pro-
tein concentration was assessed using the Bio-Rad BCA reagent.
The following antibodies were used for Western blots: Atg7
(Sigma Aldrich, A2856), Lkbl (Santa Cruz Biotechnology, sc-
32245), LC3 (Novus Biologicals, NB600-1384), Atg5 (Abcam,
ab108327), p62 (American Research Products, 03-GP62-C),
TOM20 (Abcam, ab186735), and p-actin (Sigma, A1978).

PCR for mouse genotyping and TDCL characterization

For mouse genotyping, mouse tails (~3 mm) were incubated with
200 pL 50 mM NaOH and heated for 45 min, and 100 pL of 1 M
Tris-HCI was added, vortexed, and centrifuged at 12,000 rpm
for 10 min to extract genomic DNA. Subsequently, the extracted
genomic DNA was used for PCR.

For TDCL characterization, TDCL pellets were incubated in
extraction buffer (Sigma Aldrich, XNAT-1000RXN) and heated
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for 30 min at 60°C; subsequently, neutralization buffer was added
to stop the reaction. The extracted genomic DNA was then used
for PCR.

Oil Red O staining and quantification

For the staining of lung tissues, 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 twice with distilled water. Slides were then lightly
stained with alum hematoxylin for 1 min, rinsed with distilled
water, and mounted for microscopy.

For the staining of cells, TDCLs were plated on autoclaved glass
coverslips in 24-well plates. The following day, cells were rinsed
twice with PBS and treated with fresh RPMI or HBSS for 4 h.
The cells were then rinsed twice with PBS and fixed with 10%
formalin and 60% isopropanol. Prewarmed Oil Red O solution
was then added to the cells for staining as described above.

A minimum of three high-magnification (100x) images was
used for quantification of LDs. Briefly, each image was run
through color deconvolution on ImageJ-Fiji software (National In-
stitutes of Health), and a fixed threshold was adjusted between 70
and 200 for all images. Quantitative data were exported from
Image]J-generated histograms into Microsoft Excel software for
further analysis and presentation. An average of Qil Red O per-
cent area to the total area was calculated and normalized to cell
number.

Statistics

Data were expressed as the mean + SEM. Statistical analyses were
carried out with Graphpad Prism version 5.0 or Microsoft Excel.
Statistical significance was calculated by two-way ANOVA with
Bonferroni post-test for the time course study of tumor number
and tumor burden, and five mice from each genotype at each
time point were used. Significance in the Kaplan-Meier analyses
to determine and compare the progression-free survival was
calculated using the log-rank test. Significance of metabolites,
lipids, saponified FAs, OCR, and cell proliferation in drug treat-
ments between autophagy wild-type and autophagy-deficient
cells was determined by a paired two-tailed Student’s t-test. For
quantification of IHC for Ki67, caspase3, pS6, and p-ERK, six rep-
resentative images of entire lung lobes were obtained at each time
point for each genotype. A minimum of 150 cells from each image
was scored. Statistical significance was calculated by a paired
two-tailed Student’s t-test. A P-value of <0.05 was considered
statistically significant.
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