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 Figure 6.      Acute, systemic  Atg7  de“ ciency compromises tumorigenesis. A, experimental design to induce lung tumors before conditional whole-body 
 Atg7  deletion.  Ubc-CreERT2  /+   ;Kras  G12D-frt/+   ;Trp53  frt/frt   ;Atg7  +/+   and  Ubc-CreERT2  /+   ;Kras  G12D-frt/+   ;Trp53  frt/frt   ;Atg7  ” ox/” ox  mice were infected with Ad-FLPo 
at 6 to 8 weeks of age to activate RAS and delete  Trp53 , then these mice were treated with TAM at 12 weeks after Ad-FLPo by intraperitoneal injection 
to create  Atg7  Δ/Δ   mice. Tumor progression was analyzed at various times thereafter. B, representative micro-CT three-dimensional reconstruction and 
quanti“  cation of lung volume showing healthy air space before TAM treatment and equivalent tumor burden at the time of TAM treatment of mice with 
the indicated genotypes.  Kras  +/+   ;Trp53  +/+   ;Atg7  +/+   mice were used as a control for normal lung airspace. Tumor histology and normal adjacent lung tissue 
(H&E images) were analyzed at 5 weeks after TAM (last three plots). Arrows point to dead cells. C, quanti“ cation of wet lung weight (top) and tumor 
burden (bottom). Error bar, SEM;  P  values are calculated using two-way ANOVA with the Bonferroni posttest. D, representative Western blotting for 
ATG7, p62, S6, P-S6, and LC3 of  Atg7  +/+   or  Atg  Δ/Δ   tumor tissues. β-Actin serves as a protein loading control. E, representative IHC for ATG7, p62, TOM20, 
and EM images of tumor tissue. Arrows in second plot point to p62 aggregates, and arrows in the third plot point to TOM20 accumulation in tumors from 
 Atg7 -de“ cient mice. N, nucleus; M, mitochondria; Ly, lysosome; AP, autophagosome; L, lipid. F, representative IHC images for active caspase-3 (left) with 
quanti“  cation (right). Error bar, SEM;  P  values are calculated using two-way ANOVA with the Bonferroni posttest. G, representative IHC images for Ki67 
(left) with quanti“ cation (right). Error bar, SEM;  P  values are calculated using two-way ANOVA with the Bonferroni posttest. H, representative IHC images 
for S6, P-S6, 4E-BP1, P-4E-BP1, ERK, and P-ERK. I, a model for the destructive effect of autophagy on established tumors.   
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 Loss of autophagy in adult mice rapidly decreases the 

mass of WAT, suggesting that autophagy defi ciency creates 

systemic metabolic defi ciency even under fed conditions. 

Autophagy defi ciency may necessitate the catabolism of dedi-

cated fat stores in WAT by cytosolic lipases, or may cause 

browning of adipose tissue that increases β-oxidation and 

lipid consumption, which is consistent with mitochondrial 

accumulation ( 30 ). This defective adipose homeostasis and 

mobilization of FFAs in starved  Atg7 -defi cient mice can con-

tribute to systemic metabolic impairment. 

 One property common to adult and neonatal mice is the 

requirement for autophagy to survive starvation, although 

the underlying mechanisms seem distinct. In contrast to wild-

type adult mice, we found that those with acute autophagy 

ablation are intolerant to fasting and die of hypoglycemia. 

As WAT is depleted in autophagy-defi cient mice, fasting 

results in accelerated depletion of glycogen stores and exces-

sive muscle catabolism in comparison with wild-type mice. 

The autophagy-defi cient adult mice sustain serum amino 

acid levels and ketogenesis, but not FFA and glucose levels, 

indicating that gluconeogenesis in the liver is insuffi cient 

for survival. Moreover, despite excessive muscle wasting and 

maintenance of serum amino acid levels, this is apparently 

insuffi cient for gluconeogenesis. This suggests that liver 

autophagy and catabolism of lipid stores may be critical 

either directly or indirectly for gluconeogenesis and glucose 

homeostasis during fasting. The fasted autophagy-defi cient 

mice display rapid liver, muscle, and brain damage, demon-

strating the essential requirement for systemic autophagy to 

survive fasting. Thus, autophagy is required by both neonates 

and adults to survive starvation, but for different reasons. 

Neonates need autophagy to generate amino acids to sus-

tain metabolic homeostasis, in contrast to adult mice that 

need autophagy to prevent fatal hypoglycemia. Fasted adult 

mice defi cient for autophagy have depleted lipid stores and 

compensate for metabolic impairment by extensive muscle 

wasting, which is ultimately insuffi cient for viability. Liver-

specifi c defi ciency in autophagy is not fatal to fasted mice ( 2 , 

 31 ), suggesting that autophagy in other tissues, most likely 

including WAT (which is lost in the absence of autophagy), is 

essential for survival and glucose homeostasis. 

 RAS-driven cancers often upregulate autophagy and are 

dependent on autophagy for survival, although the point at 

which autophagy functions during tumorigenesis was not 

known ( 13 ). To address this, we ablated  Atg7  and then initi-

ated tumorigenesis by activating RAS and deleting  Trp53  in 

the lung. Autophagy seemed dispensable for tumor initiation 

in this setting, although over time the suppressed proliferation 

and emergence of oncocytomas as seen previously in the lung 

tumor–specifi c  Atg7  knockouts were apparent. This suggests 

that functional autophagy status does not alter the effi ciency by 

which  Kras G12D   activation and  Trp53  loss initiate lung tumor for-

mation, but rather it is instead critical for tumor maintenance. 

 Acute knockdown of essential autophagy genes in many 

 RAS -mutant human cancer cell lines can rapidly sup-

press growth and survival, whereas knockout of essential 

autophagy genes in GEMMs at the time of cancer initiation 

suppresses tumor growth gradually over time ( 10, 11 ,  16 , 

 18 ,  19 ). This indicates that acute autophagy ablation may 

be more detrimental to tumorigenesis than constitutive 

ablation. To test this hypothesis,  Atg7  was acutely ablated 

in mice with established  Kras G12D  -activated and  Trp53 -

defi cient NSCLC. Five weeks of systemic autophagy defi -

ciency was dramatically destructive to these preexisting 

NSCLCs, which underwent loss of mTOR and MAP kinase 

signaling, proliferative arrest, apoptosis, and conversion of 

adenocarcinomas to oncocytomas. Branched chain amino 

acids and arginine are mTOR inducers, and there were low 

levels of serum valine and arginine in response to autophagy 

inhibition, which may contribute to loss of mTOR signaling 

along with defective mitochondrial metabolism ( Fig.  3A ). 

Acute autophagy ablation more severely compromises tum-

origenesis in comparison with tumors that evolve with defi -

ciency in essential autophagy genes. Established tumors 

may be more autophagy-dependent, systemic autophagy 

defi ciency may be more destructive to tumors than tumor-

specifi c defi ciency, or tumors evolving without autophagy 

may have some capacity to adapt, diminishing the impact of 

autophagy loss. In support of systemic autophagy defi ciency 

being more detrimental to tumorigenesis, it also causes the 

elimination of WAT, perhaps creating a systemic environ-

ment metabolically unsupportive of tumor growth. 

 The key to determining if autophagy inhibition will be 

potentially effective to diminish tumorigenesis is establishing 

if tumors are more susceptible to acute autophagy inactiva-

tion than normal tissues, therefore providing a therapeu-

tic window. Our data demonstrate that complete systemic 

autophagy inhibition for prolonged durations is not likely 

to be tolerable from a safety perspective. That said, the most 

serious observed effects on normal health were bacterial 

infection and neurodegeneration. Infection can presumably 

be managed through prophylactic antibiotics, and central 

nervous system toxicities should be considered in the design 

of pharmacologic agents. Note  that genetic ablation as we 

have done here is complete and irreversible inhibition of 

autophagy, not likely achievable with small-molecule inhibi-

tors, and as such this represents an extreme situation. It 

would, however, be interesting to compare genetic and phar-

macologic inhibition of autophagy (with chloroquine, for 

example) to help establish how effective autophagy inhibi-

tion needs to be to impair tumor growth. To what extent the 

detrimental effects of acute autophagy ablation are reversible 

in normal and tumor tissue also remains to be addressed. 

Finally, it will be interesting to test systemic deletion of other 

autophagy-related genes in this model to resolve any poten-

tial autophagy-independent functions associated with loss of 

specifi c  ATG  genes. With these issues addressed, our observa-

tion that 5 weeks of acute  Atg7  ablation was suffi cient to shut 

off mTOR and MAP kinase signaling and cause widespread 

tumor proliferative arrest and death while largely sparing 

normal tissues raises great hopes for antitumor effi cacy.   

 METHODS  
  Mice  

 All animal care and treatments were carried out in compliance with 

Rutgers University Institutional Animal Care and Use Committee 

guidelines.  Ubc-CreERT2  mice (ref.  20 ; The Jackson Laboratory) and 

 Atg7   fl ox/fl ox  mice (ref.  2 ; provided by Dr. M. Komatsu, Tokyo Met-

ropolitan Institute of Medical Science) were cross-bred to generate
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 Ubc-CreERT2 / +  ;Atg7   fl ox/fl ox  mice. Details of the TAM treatment to 

induce  Atg7  deletion can be found in Supplementary Methods. 

 To assess the consequence of acute  Atg7  deletion in response to 

fasting, 10 days following the last day of 5-day TAM administration, 

mice were fasted for 24 hours with free access to water but no food. At 

20 to 24 hours after fasting, plasma was collected for hormonal and 

biochemical analysis, and tissues were harvested for histologic exami-

nation. For glucose supplementation, mice were provided drinking 

water containing 10% glucose throughout fasting. 

 To assess the consequence of acute ATG7 deletion to tumori-

genesis, compound  Ubc-CreERT2;Atg7  mice were bred to  FSF-

Kras G12D   mice (ref.  32 ; The Jackson Laboratory) and  Trp53  frt/frt  

mice (ref.  33 ; provided by Dr. L. Johnson, Genentech) to gener-

ate  Ubc-CreERT2  /+  ;Kras  G12D-frt/+  ;Trp53  frt/frt  ;Atg7  +/+  and  Ubc-CreERT2  /+  ;

Kras  G12D-frt/+  ;Trp53  frt/frt  ;Atg7   fl ox/fl ox  mice. To activate RAS and delete 

 Trp53  in the lung and produce tumors, mice were infected intrana-

sally with recombinant, replication-defi cient Ad-FlpO (University of 

Iowa Adenoviral Core) at 1.2 × 10 8  pfu/mouse at 6 to 8 weeks of age 

as described previously ( 16 ).   

  Gene Expression Analysis  
 Liver and muscle tissues were snap-frozen for RNA extrac-

tion. Extracted RNAs were processed, labeled, and hybridized to 

the Affymetrix GeneChip Mouse Genome 430A 2.0 array. The raw 

Affymetrix CEL fi les for liver and muscle samples were analyzed with 

Agilent GeneSpring GX11 software. See Supplementary Methods for 

details of gene expression analysis.   

  Serum Assays  
 Blood glucose was measured with a True2Go glucose meter (Nipro 

Diagnostics). Serum insulin and leptin levels were determined with ultra 

sensitive mouse insulin (Crystal Chem Inc.; 90080) and leptin (Crystal 

Chem Inc.; 90030) ELISA kits. Serum FFAs and β-hydroxybutyrate 

were measured using commercial kits from Cayman Chemical (700310 

and 700190, respectively). Serum AST and ALT levels were determined 

using Olympus AU2700 (Idexx Bioresearch).   

  Metabolomic Analysis by LC/MS  
 Samples were analyzed by LC/MS, which involved reversed-phase 

ion-pairing chromatography coupled by negative mode electrospray 

ionization to a stand-alone orbitrap mass spectrometer (Thermo 

Scientifi c). See Supplementary Methods for details.   

  Histology  
 See Supplementary Methods for details about tissue fi xation and 

antibodies used.   

  Western Blotting  
 Tissues and tumor samples were ground in liquid nitrogen and 

lysed in Tris lysis buffer (1 mol/L  Tris HCl, 1 mol/L NaCl, 0.1 mol/L 

EDTA, 10% NP40), and probed with antibodies against ATG7 (Sigma; 

A2856), LC3 (Novus Biologicals; NB600-1384), p62 ( 10 ), and β-actin 

(Sigma; A1978). 

 Other detailed experimental procedures are described in Supple-

mentary Methods.    
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