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Protein catabolic pathways are of critical importance 
to cellular physiology. The breakdown of proteins and 
organelles serves not only as a form of protein and organelle 
quality control, but also to generate amino acids and free 
fatty acids for reuse by the cell. Macroautophagy (hereafter 
referred to as autophagy) is a major pathway of protein 
degradation in eukaryotic cells that has been preserved 
through evolution. There has been much interest in the role 
of autophagy and cancer because mutations in autophagy 
genes have been observed in human cancers, autophagic 
activity is altered in cancer cells, and suppression of 
autophagy could be utilized as a cancer therapy (1,2). A 
recent report by the DiPaola group (3) demonstrated for the 
first time that autophagy is essential for the development of 
prostate cancer driven by PTEN-loss in a mouse model. 

Autophagy: a core degradation pathway

Autophagy or “self-eating” is the process, by which long 
lived cytoplasmic proteins, receptors and organelles are 
loaded into autophagosomes (double-membrane vesicles), 
which subsequently fuse with lysosomes for degradation of 
their cargo by lysosomal enzyme activity. The formation 
of the autophagosome is an incredibly complex process 
that has been reviewed in detail by others (4). In brief, 
formation of the autophagosome occurs in three steps: 
initiation, nucleation, and expansion/closure (Figure 1). 
In response to nutrient deprivation, a well-established 
trigger for autophagy, the Beclin-1 and ULK1 protein 
kinase complexes are activated and recruited to the 
endoplasmic reticulum (ER). The Beclin-1 complex is 
composed of VPS34, a type-III phosphatidylinositol-3 

kinase (PI3K), Beclin-1, and ATG14L (4). The ULK 
complex phosphorylates Beclin-1 to promote translocation 
of the complex to the ER (5). Once activated, the Beclin-1 
complex enriches localized sites on the ER membrane 
with phosphatidylinositol-3 phosphate (PI3P) via VPS34 
activity. These PI3P-enriched domains are critical for 
nucleation of the isolation membrane or phagophore, a pre-
autophagosome structure. The PI3P-enriched phagophore 
serves as a docking site for WIPI2 (6). The expansion of 
the autophagosome from the isolation membrane requires 
the ATG16L1 protein complex by promoting LC3 family 
protein lipidation and incorporation into the isolation 
membrane/autophagosome (7). The ATG16L1 complex 
is recruited to the isolation membrane by interaction with 
WIPI2, where it promotes LC3 family protein conjugation 
to ATG3, which promotes phosphatidylethanolamine 
(PE) lipidation of LC3 (7). The lipidated LC3 proteins 
are incorporated into the emerging isolation membrane/
autophagosome to favor its expansion and closure (8,9). 
LC3 proteins are also critical for cargo specific loading 
of autophagosomes via interaction with p62- and NBR1-
bound to targets (e.g., mitochondria or protein aggregates) 
destined for autophagic catabolism (10,11). 

Autophagy and cancer

The relationship between autophagy and cancer is complex. 
It has been widely observed that deficiencies in core 
autophagy genes (i.e., genes essential to the autophagy 
conjugation system) lead to increases in cytoplasmic 
volume, mitochondria number, and mitochondrial reactive 
oxygen species (12,13). Subsequently, oxidative DNA 
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damage and DNA double strand breaks are observed 
in cells lacking core autophagy genes. However, the 
relationship between autophagy deficiency and cancer is 
not linear. Where monoallelic loss or down-regulation of 
core autophagy genes can promote the development of 

cancer, complete deletion of these same genes can inhibit 
cancer growth and progression (1,13). It was recently shown 
that homozygous deletion of ATG7, a regulator of LC3-I 
conjugation and ATG16L1 complex formation, suppresses 
melanoma growth by generating high levels of DNA 
damage and by activating senescence in cancer cells (14). 
Thus, it could be hypothesized that increased DNA damage 
as a result of a mild or intermediate defect in autophagy 
could promote tumorigenesis and drive cancer progression 
by increasing mutation frequency, whereas complete 
inhibition of autophagy disrupts organelle and protein 
quality control mechanisms and generates irreparable 
DNA damage to trigger senescence and suppress cancer. 
Direct evidence for the role of monoallelic loss of ATG5 
in promoting melanoma progression in human cancer 
was recently demonstrated (1). This study showed that 
monoallelic loss of ATG5 in melanoma patient samples was 
associated with metastatic disease and predicted worsened 
overall patient survival. The authors also showed that 
ATG5 haploinsufficiency increased tumor burden and 
metastasis in a mouse melanoma model driven by PTEN-
loss and activated BRAF and promoted resistance to BRAF 
chemical inhibitors. However, complete ATG5 knockout 
in this model of melanoma increased sensitivity to BRAF 
inhibitors and ameliorated tumor burden. Complete loss 
of ATG7 was also found to delay tumor onset in this same 
model of melanoma and in a BRAF-driven model of lung 
cancer (1,14,15). A recent study analyzing single nucleotide 
polymorphisms (SNP) from 458 patients with localized 
prostate cancer found that there was an association with 
biochemical recurrence (BCR) and ATG16L1 SNPs (16). 
Patients with at least one ATG16L1 rs78835907 A allele 
showed a 22% reduction in the risk of BCR with an 
associated increase in ATG16L1 gene expression. Overall, 
these studies suggest that upregulation of autophagy 
genes suppresses cancer progression, haploinsufficiency of 
core autophagy genes promotes cancer progression, and 
homozygous loss suppresses tumor growth and promotes 
susceptibility to targeted therapy (Figure 2).  

Role of autophagy in PTEN-null prostate cancer

Santanam and colleagues found that loss of ATG7, a core 
autophagy gene, suppresses prostate tumorigenesis in a 
PTEN-loss driven mouse prostate cancer model (3). The 
authors used a novel transgenic mouse with tamoxifen-
inducible Cre under control of the Nkx3.1 promoter for 
inducible expression of Cre in prostate epithelial cells. 

Figure 1 Autophagy. Formation of the autophagosome starts 
with an initiating signal of nutrient deprivation that activates the 
ULK1 complex, which in turn phosphorylates and activates the 
Beclin complex; the PI3K activity of the Beclin complex generates 
a localized pool of PI3P on the ER membrane that serves as a 
nucleation site for the isolation membrane, a pre-autophagosomal 
structure. The pool of PI3P also serves as a docking site for 
WIPI2, which recruits the ATG16L1 complex to the isolation 
membrane; the preautophagosome is expanded by incorporation 
of LC3-II and GABARAP through the E3-like ligase activity 
of the ATG16L1 complex. Proteins and organelles targeted for 
degradation are brought into the preautophagosome by p62. 
Subsequently, the autophagosome closes and fuses with lysosomes 
for degradation of its contents. PI3K, phosphatidylinositol-3 
kinase; PI3P, phosphatidylinositol-3 phosphate; ER, endoplasmic 
reticulum.
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Prostate specific knockout of PTEN and ATG7 was achieved 
by administration of tamoxifen to transgenic mice with 
floxed PTEN and ATG7 alleles. This mouse model of 
prostate cancer is a significant improvement upon the prior 
Probasin-Cre mouse because it circumvents the requirement 
for Cre to be inherited from the male and gives control 
over PTEN deletion via Cre induction with tamoxifen. As 
expected, mice with double knockout showed a deficiency 
in autophagy within their prostate tissue compared to mice 
harboring PTEN knockout alone as evidenced by increased 
cytoplasmic volume and accumulation of p62. Concurrent 
loss of prostatic ATG7 and PTEN resulted in decreased 
prostate epithelial cell proliferation and apoptotic cell death. 
Similar to mouse lung and skin cancer models, suppression 
of autophagy delayed prostate tumor growth and promoted 
an ER stress response (17). Lastly, the authors castrated 
control and ATG7 conditional knockout mice and evaluated 
prostate tumor growth. The ATG7 conditional knockout 
prostate tumors, also lacking PTEN, showed a greater 
decrease in prostate volume in response to castration. As 
the PTEN loss driven prostate cancer model is thought to 
be castrate-resistant (18,19) it may have been additionally 
informative to determine whether ATG7 deletion increased 
the apoptotic response to surgical castration, as these mice 
showed an increase in ER-stress signaling within their 
prostate tissue and surgical castration increases apoptosis in 
prostate cells in this model (18). 

Future directions

This study adds to our understanding of the role of 

autophagy in the PTEN-loss driven mouse prostate 
cancer model, although several questions still remain. 
It is unclear whether autophagy is changed in the 
prostates in mice with prostatic PTEN KO alone relative 
to benign prostate tissue. PTEN has previously been 
shown to activate autophagy, so it is possible that loss 
of PTEN in the prostate may down-regulate autophagy 
to drive cancer development (20). Further, it is not 
currently known whether heterozygous loss of ATG7 
would promote prostate cancer progression similar to 
the effect of monoallelic loss of ATG5 in melanoma (1). 
As the authors suggested, it would be of interest to test 
whether suppression of autophagy augments response 
to chemotherapy in this model of prostate cancer. Our 
own group has found that suppression of autophagy by 
knockdown of C/EBPβ, a transcriptional regulator of 
multiple autophagy genes, suppresses the growth of PC-3 
xenografts and increased their response to bortezomib (21). 
ATG7 knockout would be predicted to promote prostate 
cancer apoptosis in response to docetaxel, as chemical 
inhibition of autophagy was found to increase docetaxel 
sensitivity in prostate tumor xenografts (22). Others have 
shown that blocking autophagy with lysosomotropic 
agents augments killing of prostate cancer cells by 
AKT inhibitors (23). Another intriguing possibility is 
whether the loss of ATG7 increases senescence in PTEN-
loss driven prostate cancer as was observed in a mouse 
model of melanoma (14). Several groups including our 
own have observed that androgen-deprivation promotes 
senescence in androgen sensitive prostate cancer cells 
(24,25). Because senescence occurs in response to loss of 
PTEN or loss of core autophagy genes, it is possible that 
ATG7 KO increases the senescence response to PTEN 
loss and surgical castration as an underlying mechanism 
for increased sensitivity to androgen deprivation in these  
mice (26). In conclusion, autophagy plays a critical role 
in the progression of PTEN-loss driven cancers. Small 
molecules targeting the autophagy pathway could serve 
as an adjunct to chemotherapy or androgen deprivation 
in the treatment of prostate cancer. Future studies aimed 
at determining the role of autophagy in prostate cancer 
progression and metastasis are warranted. 
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Figure 2  Autophagy’s non-linear relationship to cancer. 
Heterozygous loss of core autophagy genes leads to a decrease 
in cell protein and organelle quality control mechanisms and, 
subsequently, increases DNA damage; complete disruption of 
autophagy by deletion of core autophagy genes represses cancer 
growth by activation of senescence pathways and can promote 
susceptibility to targeted therapies. 
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