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Abstract

Adaptor proteins participate in selective autophagy, which is critical for cellular detoxification and 

stress relief. However, new evidence supports an autophagy-independent key role of the adaptor 

p62 (encoded by the gene Sqstm1) in signaling functions central to tumor initiation in the 

epithelium, and suppression of tumor progression in the stroma.

Autophagy fulfills two major cellular functions -detoxification through waste removal and 

conferring resistance to nutrient stress. Autophagy is activated by metabolic emergencies 

such as nutrient starvation, which results in AMPK activation and mTORC1 inhibition 

(Galluzzi et al., 2014). The purpose of this “metabolic autophagy” is to provide intracellular 

energy sources and anabolic building blocks during nutrient shortage, as often happens 

during cancer progression. In that respect, autophagy might promote tumor growth when 

cancer cells have limited access to extracellular metabolites and energy sources. This 

mechanism involves the bulk incorporation of organelles into the autophagosomes without 

apparent selectivity (Kaur and Debnath, 2015). In contrast, during basal detoxification or 

waste removal in response to stress, autophagy is thought to require adaptors to target 

misfolded proteins and dysfunctional organelles to the autophagosomes, while sparing 

functional cellular constituents (Green and Levine, 2014). This is important because this 

type of selective autophagy, and its adaptors, maintains cellular well-being by preventing 

endoplasmic reticulum (ER) and oxidative stress. Therefore, selective autophagy, and 

theoretically its adaptors, function as tumor suppressors by preventing genotoxicity and the 

accumulation of oncogenic mutations. Consequently, conditions that impair selective 

autophagy are expected to promote mutagenesis and cancer initiation (Kimmelman, 2011; 

White, 2012).

Therefore, the signals converging onto the two types of autophagy must be finely balanced 

to prevent tumor initiation and restrain tumor progression once the cancer cell progenitors 

have emerged. The incomplete understanding of the intricacies of these pathways is likely 
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the root of the conflicting interpretations of currently available data on the role of autophagy 

in cancer. Also, the widely accepted conceptual segregation of starvation-induced “bulk” 

unselective autophagy from nutrient-independent but stress-dependent and adaptor-driven 

selective autophagy, collides with the evidence that the autophagy adaptor p62 is degraded 

via selective and non-selective autophagy. This, together with the observation that p62 is 

often upregulated in cancer cells, suggest that a third role of autophagy is to make sure that 

p62 does not exceed undesired levels. This is important to keep in mind when considering 

autophagy as a cancer therapeutic target.

Here we discuss very recent data supporting the notion that p62, in addition to its role in 

selective autophagy, is a key pro-oncogenic regulator thanks to its function as a signaling 

hub (Figure 1A). Importantly, high levels of p62 protein in epithelial cells are necessary and 

sufficient for inducing oncogenic transformation, independent of its autophagy-related 

functions (Umemura, 2016). This model establishes that one of the critical roles of 

autophagy as a tumor suppressor is to prevent p62-driven tumor initiation and malignant 

transformation. However, in the non-transformed components of the tumor 

microenvironment, such as fibroblasts and macrophages, p62 functions as a non-cell 

autonomous tumor suppressor that attenuates fibrosis and inflammation (Valencia et al., 

2014) (Zhong et al., 2016). Therefore, we propose that the homeostatic maintenance of p62 

levels in both tumor and stroma by autophagy-dependent or independent mechanisms will 

decisively contribute to the final outcome of the tumorigenic process. This has important 

implications for the design of prospective therapeutic strategies for cancer targeting 

autophagy or p62-regulated signaling pathways.

p62, an autophagy adaptor and signaling hub

Although p62 was the first identified autophagy adaptor, four other proteins have similar 

functions, including NBR1, TAX1BP1, NDP52, and OPTN. p62 was initially found as a 

signaling regulator residing in the late endosome-lysosome (Moscat and Diaz-Meco, 2009). 

Unlike other autophagy adaptors, with the exception of NBR1, p62 is also a central hub due 

to its ability to interact with key signaling proteins through well defined structural elements 

(Figure 1A)(Moscat and Diaz-Meco, 2009). Thus, p62 can promote the expression of 

inflammatory genes via NF-κB, which it activates through TRAF6 binding by its TRAF6-

binding (TB) domain. p62 also activates the NRF2-dependent anti-oxidant response by 

sequestering Keap1 through its KIR domain (Figure 1A) (Moscat and Diaz-Meco, 2009). 

New data also describe that p62 activates mTORC1, which can upregulate c-Myc (Figure 

1A) (Duran et al., 2011; Valencia et al., 2014). None of these functions depend on the 

ubiquitin-associated (UBA) or LC3-interacting region (LIR) domains of p62, which allow it 

to function as an autophagy adaptor (Figure 1A) (Moscat and Diaz-Meco, 2009). 

Autophagy, however, plays an important role in the control of p62 levels as it is constantly 

degraded via non-selective autophagy through its LIR domain that binds to LC3 on 

autophagosomes membranes (Moscat and Diaz-Meco, 2009) (Figure 1A). p62 expression is 

also subjected to positive transcriptional regulation since AP1, NF-κB and NRF2 can 

stimulate Sqstm1 gene transcription (Moscat and Diaz-Meco, 2009)(Figure 1B). Thus, 

oxidative stress and inflammation induce p62 through NRF2 and NF-κB, to promote 

selective autophagy and cell detoxification. However, just preventing cell death, although it 
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helps tumorigenesis, is not sufficient to initiate cancer since the activation of growth 

promoting anabolic pathways are required to promote cancer cell growth. In this regard, 

more recent data demonstrate that p62, due to its location on lysosomes and its ability to 

bind Raptor and the Rag proteins, regulates mTORC1 activity (Duran et al., 2011). In the 

presence of growth factors, mTORC1 is activated by the GTPase Rheb (Jewell et al., 2013). 

Rheb is kept in the inactive GDP form by the tumor suppressive Tsc1/Tsc2 GTPase 

complex, which is inactivated by PI3K/AKT-mediated phosphorylation triggered by growth 

factors, and antagonized by the tumor suppressor PTEN (Jewell et al., 2013). Interestingly, 

p62 deficiency in several cell systems impairs the recruitment of mTORC1 to the lysosomes 

and its activation in response to amino acids (Duran et al., 2011), and Tsc1 ablation 

(Umemura, 2016).

Of special relevance for the p62-mTORC1 connection, p62 constitutively binds to MEKK3 

through their respective PB1 domains (Linares et al., 2015). Upon amino acid stimulation, 

the p62-MEKK3 complex orchestrates a kinase cascade that includes the activation of 

MKK3/6 by MEKK3-mediated phosphorylation, and the subsequent activation of p38δ 
(Linares et al., 2015). This results in the direct phosphorylation of p62 at residues T269 and 

S272 by p38δ, which promotes the recruitment of TRAF6 to the mTORC1 complex 

resulting in the K63-type polyubiquitination of mTOR, which is important for its efficient 

activation (Linares et al., 2013)(Figure 1A). Since mTORC1 stimulates several anabolic 

pathways that promote cell growth and proliferation as well as c-Myc expression, these 

findings reveal that p62 not only controls cell survival of normal and cancer cells but also 

contributes to cell growth and, when upregulated, to cancer cell proliferation. A link 

between p62 accumulation and c-Myc expression is observed in prostate cancer stromal 

fibroblasts (Valencia et al., 2014), and hepatocellular carcinomas (HCC) (Umemura, 2016).

p62, epithelial cell stress and cancer

Accumulation of p62 upon impairment of autophagy may exert deleterious effects in normal 

epithelial cells. Genetic inactivation of autophagy by ablation of critical autophagy (atg) 

genes in liver parenchymal cells, including hepatocytes, results in a poorly understood 

chronic liver damage phenotype that is reversed upon global Sqstm1 gene ablation (Komatsu 

et al., 2007). Similarly, genetic inactivation of IKKα in pancreatic epithelial cells (PEC) 

results in chronic pancreatitis that is alleviated upon selective genetic inactivation of Sqstm1 
in the same cells (Li et al., 2013). Those results are surprising given that p62 accumulation 

triggers the synthesis of a number of detoxifying enzymes that prevent oxidative stress, 

likely through the upregulation of NRF2, and one would expect that p62 inactivation under 

autophagy-deficient conditions should result in more damage. A confounding factor in the 

study examining autophagy deficiency in the liver is that autophagy is selectively inhibited 

in the liver parenchyma, whereas p62 is globally ablated in all cells (Komatsu et al., 2007). 

Therefore, in this case, it is very difficult to know if these effects result from p62 deficiency 

in the non-parenchyma. This potential shortcoming is rectified in a pancreatitis study in 

which IKKα and p62 are both knocked out in pancreatic epithelial cells (PEC), the same cell 

type in which p62 specifically accumulates upon IKKα ablation (Li et al., 2013). In that 

study, p62 removal does not cause any defects in autophagy but it does reduce ER stress 

induced by autophagy inhibition in IKKα-deficient PEC (Li et al., 2013). Although how p62 
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accumulation in autophagy deficient epithelia results in increased ER stress is not entirely 

clear yet, it is likely that unrestrained activation of mTORC1 driven by high p62 levels clogs 

the ER by excessive protein production, which will be an important contributor to the 

pancreatitis phenotype. Similar observations are made when p62 is specifically ablated in 

liver parenchymal cells (Umemura, 2016).

Interestingly, chronic p62 accumulation occurs in human pancreatitis (Li et al., 2013), and 

most liver degenerative diseases in which it is present within cytoplasmic inclusions known 

as Mallory-Denk Bodies (Umemura, 2016). High p62 levels promote the activation of NRF2 

(Figure 1B), and increased NRF2 also results in the transcriptional activation of the Sqstm1 
gene, further increasing p62 accumulation through a feed-forward loop that promotes cancer 

initiation (Umemura, 2016). This suggests that although a transient increase in NRF2 levels 

results in protective anti-oxidant responses (DeNicola et al., 2011), chronic NRF2 activation 

is a common occurrence in many epithelial cancers, including HCC (Umemura, 2016). The 

procarcinogenic p62-NRF2 autoregulatory loop has been recently elucidated by studying 

several models of HCC induction, either by Tsc1 ablation, which causes chronic mTORC1 

activation, or non-alcoholic steatohepatitis (NASH), that is characterized by the 

accumulation of fat in the liver (like steatosis), along with inflammation and cell damage. 

Although Sqstm1 inactivation in liver parenchymal cells abrogates the expression of the 

NRF2-dependent anti-oxidant response, it also results in the disappearance of hepatocytes 

that accumulate reactive oxygen species (ROS), which presumably serve as HCC initiating 

cells (Umemura, 2016). The loss of these cells is most likely due to inactivation of the 

NRF2-mediated protective response as well as inhibition of mTORC1 activation and c-Myc 

expression (Umemura, 2016). Interestingly, although high-fat diet (HFD)-feeding of 

wildtype mice, which only develop simple steatosis, does not lead to substantial p62 

accumulation, HFD-feeding of MUP-uPA mice, which develop NASH, does result in 

dramatic p62 accumulation and HCC (Nakagawa et al., 2014; Umemura, 2016). Altogether, 

these studies demonstrate that p62 accumulation in a chronically-damaged liver is one of the 

most important factors, together with compensatory proliferation, that leads to HCC 

development.

The ultimate proof that p62 is an oncogenic protein is that its overexpression in vivo in the 

liver was sufficient to induce HCC without carcinogen administration or any other additional 

stimulus (Umemura, 2016). Notably, this correlated with increased mTORC1 and NRF2 

activities. This effect of p62 is independent of autophagy because overexpression of a p62 

variant lacking the UBA domain, and therefore stripped of its autophagy adaptor function, 

was also sufficient to drive HCC (Umemura, 2016). Therefore, therapies aimed at blocking 

p62 accumulation, or the activation of its downstream targets, would be a potentially new 

therapeutic approach for prevention of HCC in high-risk individuals. Targeting p62, or the 

ability of p62 to activate NRF2 and mTORC1, will have the advantage of not abolishing the 

basal activity of NRF2 or mTORC1, since both pathways are needed for suppression of liver 

toxicity and maintenance of hepatic integrity and function (Figure 1B) (Umemura et al., 

2014).
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p62 in the tumor microenvironment

In contrast to cancer cells, in which p62 expression is dramatically elevated, many tumors 

display reduced levels of p62 in their stroma, especially in cancer associated fibroblasts 

(CAF) (Valencia et al., 2014). This observation raises interesting questions regarding the 

function of p62 in the tumor microenvironment, which also plays a critical role in cancer 

progression. Investigating p62 function in prostate cancer, we find that p62-deficient stromal 

fibroblasts exhibit increased production of IL-6, which is critical for TGFβ synthesis that 

converts CAF into activated myofibroblasts that promote tumor progression (Valencia et al., 

2014). Importantly, the downregulation of p62 in CAF is needed for acquiring their tumor 

promoting function (Valencia et al., 2014). Decreased mTORC1 activity due to the 

downregulation of p62 expression results in reduced c-Myc levels that leads to a failure in 

the synthesis of reduced glutathione due to defective metabolic reprogramming, and the 

concomitant increase in ROS levels under conditions of autophagy competence (Valencia et 

al., 2014). Interestingly, the increased oxidative stress in these stromal cells translated into 

higher levels of IL-6 that promoted TGFβ synthesis, being both required for CAF activation 

in p62-deficient prostate cancer stroma (Valencia et al., 2014) (Figure 1C). An important 

corollary of these studies is that blocking p62, or directly inhibiting mTORC1, in the stroma 

will favor tumor progression, which suggests that anti-cancer treatments aimed at reducing 

the pro-tumorigenic mTORC1 signaling in tumor cells will be counteracted by the undesired 

effects of mTORC1 inactivation in the stroma. This renders therapies that target mTORC1 in 

cancer inefficient or even counter-effective. Future studies in other cancer model systems, 

together with the analysis of more extensive patient’s samples will establish the generality of 

these observations.

The ability of p62 to act as a tumor suppressor in constituents of the tumor 

microenvironment might also apply to tumor associated macrophages (TAM), which serve 

as an important source of tumor promoting inflammatory signals (Grivennikov et al., 2010; 

Ruffell and Coussens, 2015). In this regard, selective autophagy dependent on p62 has been 

reported to be important for clearance of mitochondria that have been damaged due to 

exposure of macrophages to different stimuli capable of activating the NLRP3 

inflammasome (Zhong et al., 2016). Such stimuli induce mitochondrial damage and the 

release of direct NLRP3-inflammasome activators such as mitochondrial DNA and ROS 

(Zhou et al., 2011). Damaged mitochondria undergo mitophagic clearance through p62 

resulting in termination of inflammasome activation and reduced production of the tumor 

promoting cytokines IL-1β and IL-18 (Zhong et al., 2016). Many stimuli that lead to NLRP3 

inflammasome activation, such as silica microcrystals and asbestos fibers are carcinogens 

even though they do not induce any oncogenic mutations. Altogether, these results can 

explain why genetic inactivation of p62 at an organismal level is associated with increased 

tumor progression (Valencia et al., 2014), whereas the selective inactivation of p62 in cancer 

epithelial cells restrains cancer initiation (Umemura, 2016).

Conclusions and outstanding questions

Although we now know a lot more about p62 and its role in cancer, many issues still need to 

be investigated. For example, why is p62 degraded during nutrient stress-induced autophagy 
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if this process does not need adaptors? But even if it does, how can p62 distinguish between 

different cargos during “bulk” versus “selective autophagy”? And during selective 

autophagy, how is specificity of cargo recognition achieved? It is unlikely that just the PB1 

and the UBA domains will be sufficient for cargo selection by p62. How about the other 

UBA-containing adaptors? Are they specific for different cargos or do they recognize the 

same cargos but the specificity is cell type-dependent? Do other adaptors have autophagy-

independent signaling capabilities like in the case of p62? Our recent data demonstrating 

that NBR1 is a new scaffold for JNK activation in response to hyper-nutrition in 

macrophages suggest that this is the case (Hernandez et al., 2014). However, more data are 

required to address all these fundamental questions whose resolution will help us understand 

the function of these proteins in physiologically relevant models including cancer, and 

devise new therapeutics by targeting p62-regulated functions.
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Figure 1. p62 signaling functions in the tumor epithelium and stroma
(A) Structural domain organization of p62, binding partners and signaling functions. p62 has 

a PB1 domain, a ZZ-type zinc finger domain, a TRAF6-binding (TB) domain, an LC3-

interacting region (LIR), a Keap1-interacting region, and a ubiquitin-associated domain 

(UBA).

(B) Central role of p62 accumulation in the tumor epithelium during cancer initiation 

through detoxification and mTORC1 activation.

(C) Role of p62 downregulation in the tumor stroma through the inhibition of mTORC1 in 

metabolic reprogramming and inflammation
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