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Abstract

The concerted metabolic reprogramming across cancer and normal cellular compartments of the 

tumor microenvironment can favor tumorigenesis by increasing the survival and proliferating 

capacities of transformed cells. p62 has emerged as a critical signaling adaptor, beyond its role in 

autophagy, by playing an intricate context-dependent role in metabolic reprogramming of the cell 

types of the tumor and stroma, which shapes the tumor microenvironment to control tumor 

progression. Focusing on metabolic adaptations, we review the cellular processes upstream and 

downstream of p62 that regulate how distinct cell types adapt to the challenging and evolving 

environmental conditions during tumor initiation and progression. In addition, we describe 

partners of p62 that, in a collaborative or independent manner, can also rewire cell metabolism. 

Finally, we discuss the potential therapeutic implications of targeting p62 in cancer, considering its 

multifaceted roles in diverse cell types of the tumor microenvironment.
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1. Introduction

Two critical characteristics of cancer cells are their ability to sustain proliferative signaling 

and evade death [1]. By adapting to their environment, tumor cells are able to survive and 

grow even when their bioenergetic demands outpace nutrient availability. One way that they 

do this is by reprograming their cellular metabolism [2]. Solid tumors are embedded in a 

complex heterocellular system of resident and recruited normal cells, termed the “tumor 

microenvironment” (TME). In parallel to tumor cell metabolic reprogramming, surrounding 

normal cells also undergo metabolic changes that might have profound impact on tumor 
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behavior [3]. Emerging evidence suggests that a key factor mediating these metabolic 

alterations throughout the TME is p62 (also known as sequestosome 1; SQSTM1).

p62 has been most studied as an autophagy adaptor that recruits polyubiquitinated cargo into 

the autophagy machinery where it also undergoes degradation. Many of these studies 

suggest that p62 directly promotes autophagy-dependent cell survival under metabolic stress 

[4]. However, it is now known that the function of p62 extends well beyond its canonical 

role in autophagy. For example, although p62 lacks intrinsic enzymatic activity, it acts as a 

multifunctional signaling hub by utilizing its different conserved structural elements. This 

allows p62 to directly interact with protein adaptors at signaling nodes of pathways 

controlling inflammation, cell death, survival, and metabolic reprogramming [4]. With 

respect to metabolic reprogramming, p62’s impact on cellular metabolism in the TME is 

cell-type dependent [3]. Specifically, p62 has pro-tumorigenic functions in the tumor 

epithelium, yet plays a tumor-suppressor role in fibroblasts, hepatic stellate cells (HSC) and 

macrophages [5–8]. Accordingly, p62 is often over-expressed in malignant epithelial cells, 

but lost in the surrounding stroma [6, 9–11]. Consequently, understanding the role of p62 in 

metabolic reprogramming and its implications for tumorigenesis requires focused 

consideration of the specific cell types within the TME.

In this review, we will describe how p62 regulates cellular metabolism in the tumor 

epithelia, as well as in several cellular types of the stroma. In addition, we will highlight how 

these changes affect tumor-to-stroma crosstalk and shaping of the TME. Finally, we will 

discuss some of the ways in which interactors of p62 exert independent functions that also 

impact cell metabolism.

2. p62 and the tumor epithelia

The malignant transformation of a normal cell is the consequence of intrinsic and extrinsic 

events, such as genetic aberrations and chronic inflammation, respectively [1, 12]. To 

counteract these stressors, affected cells must balance regulatory pathways that either 

promote survival by repairing damage or eliminate irreversibly injured cells by executing 

cell death programs. When this response system fails, damaged cells can survive and 

accumulate genetic aberrations, which can lead to transformation. High intracellular levels 

of p62 can tip the balance in favor of tumorigenesis, by promoting cell survival and 

resistance to stress, and by exerting a potent anabolic signaling that further drives tumor 

growth [4].

Not surprisingly, several intrinsic pathways control the homeostatic levels of p62 to prevent 

tumorigenesis. At the transcriptional level, p62 mRNA expression has been reported to be 

regulated by four main signaling nodes that integrate inflammatory, oncogenic, oxidative, 

and endoplasmic reticulum (ER) stress signals [10, 13–15] (Figure 1). Post-transcriptionally, 

p62 is an extremely short-lived protein, which is constantly degraded by autophagy and the 

proteasome [16, 17] (Figure 1). Despite these inherent regulatory mechanisms, p62 

accumulation has been documented in most, if not all, tumors of epithelial origin [4]. This is 

often the result of a self-amplifying auto-regulatory loop that starts with impairment of 

autophagy, and the resulting accumulated p62 sequesters inhibitors of its own transcriptional 
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activators, which further drives p62 expression (Figure 1). Another mechanism of p62 

accumulation involves amplification of its gene (SQSTM1) within the commonly found 

amplicon of chromosome 5q [18, 19] (Figure 1). Exemplifying its potent tumor-promoting 

role, p62 was found to be the driver gene in ccRCC, among more than 61 recurrently 

amplified genes within the 5q amplicon [9].

Central to its housekeeping function, p62 plays important roles in both “bulk” and 

“selective” autophagy. In selective autophagy, it is believed that p62 and other adaptor 

proteins (eg, NBR1, TAX1BP1, NDP52, and OPTN) specifically recognize and bind K63-

polyubiquitinated cargos through their UBA domains, and tethers them to the LC3-coated 

phagophore – thanks to the ability of the LIR domain to bind LC3. This biological 

redundancy suggests that selective autophagy requires a high degree of specificity to initiate 

waste removal programs that guarantee optimal cellular quality control. Thus, selective 

autophagy, acting through p62 and other adaptor proteins, plays an important housekeeping 

function in non-stressed cells by removing damaged or overabundant poly-ubiquitinated 

intracellular structures that are too big to be degraded by the proteasome [20]. In contrast, 

bulk autophagy non-selectively engulfs macromolecules and damaged organelles under 

conditions of stress, such as nutrient shortage or hypoxia, to guarantee energy production 

and availability of anabolic intermediates so as to sustain cell homeostasis [21]. Since cargo 

specificity is no longer needed, it is a process thought to be independent of autophagy 

adaptor function, yet p62 degradation under “bulk” autophagy is required to prevent 

tumorigenesis. Counterintuitively, the genetic inactivation of p62, rather than suppressing 

the autophagic flux, actually promotes “bulk” autophagy indirectly by inhibiting mTORC1 

function [22]. Conversely, impairment of the autophagic flux promotes p62 accumulation to 

activate mTORC1 that further inhibits autophagy and results in increased p62 accumulation 

and tumorigenesis [10, 11] (Figure 1). This exemplifies the delicate balance and interplay 

between selective and bulk autophagy in regulating cell survival, and suggests that one of the 

main tumor-suppressor functions of autophagy is to prevent p62 accumulation [23] (Figure 

1). Therefore, while autophagy is a clear positive regulator of cancer, it also shows a tumor 

suppressive role by keeping p62 levels at homeostatically tolerable levels.

Tumor initiation requires the stepwise acquisition of several driver mutations [24]. These 

oncogenic events can also induce cellular stress, which triggers cell-intrinsic safety 

mechanisms to induce senescence and cell-death [25]. Thus, for cells to become fully 

transformed, they must overcome the oncogene-induced stress response. In this context, p62 

upregulation cooperates with acquired oncogenic drivers to promote pro-survival signaling 

pathways, which allows cells to withstand stress and accelerate cancer-driving mutations 

[10, 11] (Figure 1). One of the first examples of such cooperation came from studies done in 

a model of lung cancer, in which constitutively active KRas mutant (KRasG12D) led to p62 

overexpression that, in turn, promoted an NFκB-dependent inflammatory response that 

stimulated cell survival [10] (Figure 1). Importantly, this study further showed that p62 was 

fundamental for KRas-transformed cells to survive oncogene-associated stress, as p62-

deleted cells were resistant to Ras activation [10]. In keeping with this, other studies found 

that accumulation of p62, due to defects in autophagy, caused similar hyperactivation of 

NFκB-controlled survival programs that promoted tumorigenesis [23] (Figure 1). These 

pioneering works were the first indications that p62’s main function during tumorigenesis 
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stems from its ability to promote specific pro-survival pathways that cooperate with driver 

oncogenic mutations.

As a more comprehensive view of p62 function emerges, it is now clear that, in addition to 

its role in autophagy, p62 exerts its tumor-promoting role through its activity as a 

multifunctional signaling hub [4]. Indeed, besides the LIR and UBA domains, p62 contains 

several other discrete substructures that bind important regulators of cellular stress and 

metabolism. For instance, the KEAP1 Interacting Region (KIR) mediates interaction with 

KEAP1, a substrate adaptor of the E3 ubiquitin ligase Cullin-3 (CUL3), which is responsible 

for ubiquitination and subsequent proteasomal degradation of transcription factor NRF2 

[26–28] (Figure 1). Thus, p62 accumulation and binding to KEAP1 prevents KEAP1-

dependent NRF2 inhibition, leading to stabilization of the transcription factor, which drives 

expression of a battery of antioxidant and cellular protective genes responsible for 

glutathione synthesis, drug efflux transport, detoxification of xenobiotics, NADPH 

synthesis, and elimination of reactive oxygen species (ROS) (Figure 1). While the role of 

NRF2 in cancer depends on timing and context [29], pan-cancer genomic studies have 

revealed several genomic mutations that give rise to hyperactivation of the NRF2 pathway, 

either by loss of function of KEAP1 or gain of function in NRF2. In addition, activation of 

NRF2 has been directly associated with promotion of survival in oncogene-induced 

senescent cells by its ROS-detoxification mechanism [30]. Similarly, it has been reported 

that glucose deprivation leads to glycosylation of KEAP1, which leads to activation of NRF2 

[31]. Importantly, activation of the KEAP1/NRF2 cascade has been implicated in the control 

of cancer cell metabolism [32, 33]. That is, by controlling expression of PHGDH, PSAT1 

and SHMT2 – all via ATF4, NRF2 has been reported to regulate the serine biosynthesis 

pathway [32], which supports glutathione and nucleotide production. Interestingly, NRF2 

shifts glucose metabolism toward purine nucleotide synthesis, which is necessary to sustain 

increased cell proliferation [33]. Thus, beyond promoting an antioxidant response, NRF2 is 

likely to be instrumental in the control of key enzymes in the oxidative and non-oxidative 

arms of the pentose phosphate pathway that promote metabolic alterations that impact cell 

proliferation [33].

Besides increased survival capacity, tumor-initiating cells also need potent anabolic drivers 

of cell growth. In this regard, p62 is an important contributor to the activation of mTORC1, a 

major anabolic driver and regulator of cell growth and proliferation [34, 35] (Figure 1). In 

both tumor and normal cells, mTORC1 plays a fundamental role in promoting metabolic 

reprogramming, by acting as a metabolic switch that senses energy and nutrient availability 

and integrates them into the appropriate anabolic response [6, 36–38]. In normal cells, under 

conditions of nutrient shortage and absence of growth signals, mTORC1 remains inactive, 

due to the TSC1-TSC2 complex that maintains mTORC1-activating GTPase (Rheb1) in the 

inactive, GDP conformation [39]. Conversely, nutrient abundance is sensed by upstream 

activators of mTORC1 and, thus, promotes mTORC1 activation [38]. Mechanistically, upon 

amino acid sensing, mTORC1 is rapidly repositioned to the lysosomal membrane thanks to 

the actions of Rag GTPases and the v-ATPase multimeric complex [40, 41]. Recent work 

has unveiled additional p62-driven mechanisms that fine-tune amino-acid-driven mTORC1 

activation. By binding MEKK3, p62 initiates a MKK3/6 signaling cascade, leading to 

activation of p38δ and, ultimately, direct phosphorylation of p62 at residues T269 and S272, 
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which can be important for full activation of mTORC1 [35] (Figure 1). In fact, p62 

phosphorylation-deficient mutants defectively activate mTORC1 in response to amino acids 

[35]. Taken together, these studies underscore the importance of p62 in the activation of 

mTORC1 to sustain anabolic pathways conducive to tumorigenesis.

Our understanding of the role of p62 in mTORC1 activation has been greatly advanced by 

liver cancer studies. Hepatocyte-specific deletion of TSC1 promoted hepatocellular 

carcinoma (HCC) by allowing constitutive mTORC1 activation [42]. And deletion of p62 in 

TSC1-KO hepatocyte suppressed HCC incidence by preventing mTORC1 activation [11]. 

Conversely, HCC was triggered in hepatocytes by both the overexpression of wild-type p62 

or that of an autophagy-deficient p62 mutant (p62-ΔUBA) [11]. On the other hand, KIR-

deficient p62 did not induce HCC [11]. These important experiments strongly suggest that 

overexpression of p62 is oncogenic in itself, and that this oncogenicity is mediated by an 

autophagy-independent mechanism. Combined with the fact that p62 accumulates in 

preneoplastic hepatocytes, these data also suggest that hepatocyte stress-driven p62 

accumulation triggers sustained activation of mTORC1 to support cell growth, and, through 

stimulation of NRF2, maintains pro-survival pathways – all of which promote cell 

transformation [11] (Figure 1).

This paradigm also seems to hold true in pancreatic cancer [43]. That is, in pancreatic ductal 

adenocarcinoma (PDAC) development, acquisition of KRas mutations is an early event [44, 

45]. Fortunately for the hosts, partially transformed pancreatic cells tend to succumb to 

oncogenic-mediated stress, and PanIN1 lesions, the early form of PDAC, rarely progress to 

full malignancies [46, 47]. Accumulation of p62 has been observed in mouse and human 

pancreatitis [48], which is thought to be the result of impaired autophagy. This negative 

regulation of autophagy can occur under conditions of obesity, hypernutrition, alcohol 

consumption and tobacco smoking, all well-established risk factors for pancreatic cancer 

[43]. In fact, during pancreatitis, quiescent differentiated pancreatic ductal cells acquire 

tumor progenitor characteristics, when p62 accumulation induces NRF2-dependent 

activation of Mdm2, which mediates p53-dependent and -independent abrogation of the 

regulatory blockade of cell transformation [43] (Figure 1).

In summary, these data suggest that p62 functions as a critical regulator of tumorigenesis by 

impinging on two key events: cell detoxification through selective autophagy and activation 

of NRF2 and NFκB [10, 11, 23], and cell anabolism through regulation of mTORC1 [11, 

22] (Figure 1). Therefore, by supporting pro-survival and anabolic pathways p62 helps to 

fuel tumor cell growth and proliferation.

3. p62 and the tumor microenvironment

The TME contains a large variety of normal cells, especially stromal fibroblasts, and these 

contribute to the acquisition of additional tumor hallmarks [1]. For their part, tumor cells 

create a hostile environment by, for example, depleting nutrients, disrupting organ 

architecture and flooding the area with byproducts. While the initial host response is to fend 

off the outgrowth of transformed cells, tumors eventually gain the upper hand [49]. Further, 

cells surrounding the tumor epithelium exhibit altered biological properties, compared to 
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their tumor-naïve counterparts [50]. Importantly, p62 has emerged as a critical regulator of 

metabolic reprogramming in normal cells of the TME, with working mechanisms that 

greatly differ from its pro-tumorigenic role in the tumor epithelia [5–7].

While tumor cells exhibit p62 accumulation that plays an instrumental role in tumorigenesis, 

the surrounding stromal cells exhibit depressed levels of p62 that, nevertheless, also play a 

pivotal role in tumor progression. Downregulation of p62 in stromal cells is particularly well 

documented in prostate and liver [5–7]. In stromal fibroblasts in prostate, loss of p62 

induced a cancer-associated fibroblast (CAF) phenotype by impairing the mTORC1-c-Myc 

axis – and, thereby, downregulating the capacity of these cells to efficiently drive metabolic 

detoxification [6] (Figure 2). More specifically, reduced p62 levels inhibit glutamine and 

glucose consumption, which impaired the synthesis of key intermediaries required for 

glutathione production and, thereby, glutathione-mediated cellular detoxification. This 

metabolic reprogramming led to accumulation of reactive oxygen species (ROS) in the 

stromal fibroblasts and, as a result, release of the pro-survival inflammatory cytokine IL-6 – 

serving as a key autocrine signal for stromal fibroblasts to become CAFs, and as a paracrine 

signal to sustain invasiveness and growth of prostate cancer cells. This study by Valencia et 

al. (2014) was the first to demonstrate the important contribution of p62-driven metabolic 

reprogramming to the tumor-promoting role of activated fibroblasts.

Consistent with this finding, a more recent study revealed that downregulation of p62 in 

prostate fibroblasts endowed them with an increased ability to survive glutamine deprivation 

[5], which is common in the TME of highly aggressive cancers [51]. This is important 

because glutamine is the source for key anaplerotic intermediates in the TCA, and the 

obligate nitrogen donor for many cellular biosynthetic processes [52]. Interestingly, under 

conditions of glutamine abundance, p62 facilitates proteasome-mediated degradation of 

ATF4 by the SCF (βTrCP) ubiquitin ligase [5] (Figure 2). Thus, downregulation of p62 

allows ATF4 to accumulate and drive a transcriptional program that includes two 

fundamental metabolic enzymes, pyruvate carboxylase (PC) and asparagine synthetase 

(ASNS) [5] (Figure 2). Nutrient tracing experiments in p62-deficient fibroblasts under 

glutamine deprivation revealed increased glucose consumption and shuttling of glucose-

derived carbons into the TCA cycle for biosynthesis of amino acids (eg, glutamate and 

aspartate/asparagine). In addition, upregulation of PC partially compensated for the lack of 

glutamine-derived α-ketoglutarate by providing oxaloacetate and acetyl-CoA, which can 

generate α-ketoglutarate when combined with citrate [5].

Of note, the ATF4 upregulation driven by p62 loss while noted in stromal fibroblasts, was 

not seen in tumor epithelial cell lines – supporting the notion that p62’s mechanisms of 

action are cell-type specific. Importantly, in vivo genetic ablation of p62 in the fibroblast 

compartment alone was sufficient to induce prostate epithelial hyperplasia, which usually 

precedes malignant lesions, and also promoted a strong stromal reaction that included 

upregulation of ATF4, ASNS and PC [5] (Figure 2). Of great relevance for the tumor-to-

stroma crosstalk and the tumor-promoting role of CAFs, the authors showed that under 

glutamine-free conditions, p62-deficient stromal cells sustained prostate cancer cell growth 

by secreting asparagine [5] (Figure 2). Interestingly, a recent study showed that increased 

asparagine in tumor cells favored growth in low-glutamine conditions; this could be to be 
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due to asparagine’s ability to maintain protein synthesis, rather than being a product of 

catabolism [53]. Similarly, a parallel study showed that KRas-dependent upregulation of 

ASNS elevated intracellular asparagine to sustain mTORC1 and proliferation, and block 

apoptosis [54]. Asparagine might activate mTORC1 through its exchange for other amino 

acids in the TME (eg, serine, arginine and histidine) [55]. These studies demonstrate that 

asparagine from p62-depleted CAFs, is a key nutrient for sustaining anabolism in tumor 

cells. Finally, it is highly significant that asparaginase, which hydrolyzes asparagine to 

aspartate, is routinely used to treat leukemia [56], and is showing promising preclinical 

results as a treatment for solid tumors [53, 54, 57]. Targeting asparagine secretion from 

metabolically reprogrammed CAFs could be an alternative or complementary approach to 

treat some solid tumors. Taken together, these studies show that p62 loss in TME fibroblasts 

leads to increased fibroblast cell fitness and metabolic reprogramming to overcome 

glutamine deprivation. Therefore, the emerging model is that tumor-to-stroma cross-talk is 

also impacted by p62, with reciprocal tumor feeding by asparagine secretion and paracrine 

inflammatory feedback through IL-6 synthesis, which is sufficient to drive 

hyperproliferation of normal cells and promote conditions conducive to prostate cancer, even 

in the absence of oncogenic drivers [5, 6].

Like fibroblasts, stellate cells of the pancreas (PSC) and liver (HSC) are of mesenchymal 

origin and have a fundamental role in providing the structural framework of their tissue 

parenchymas [58]. While stellate cells are normally quiescent, they can be activated by 

tissue injury and metabolic stress. Once activated, stellate cells lose their characteristic lipid 

droplets, proliferate, mobilize to damaged areas, and undergo morphological and gene 

expression changes – that all promote tissue remodeling to help restore homeostasis [59]. A 

key modulator of stellate cell activation and fibrosis is the vitamin D receptor (VDR) [60, 

61]. In that context, total body loss of p62 in mice fed a high fat diet and treated with DEN 

carcinogen promoted HCC development [7] – rather than inhibiting tumorigenesis, as it 

would have been initially expected, given the tumor-promoting activities of p62 in 

hepatocytes [11] (Figure 2). Further analysis in cell-type-specific p62 KO mice revealed that 

this was at least partly the result of HSC activation [7]. This is important because it suggests 

that loss of p62 pro-survival signaling in the hepatocytes was compensated by the 

inflammation and fibrosis in the p62-deficient activated stroma [7] (Figure 2). Importantly, 

p62’s tumor-suppressive effect in HSC was clearly dependent on its ability to mediate 

ligand-dependent VDR activation [7], although still to-be-determined additional metabolic 

mechanisms could also come into play, such as release or recycling of products of the lipid 

droplets lost during stellate cell activation.

In addition to these resident cells, a repertoire of normal recruited cells also forms part of the 

tumor niche. Among them, macrophages patrol the TME – playing a prominent generally 

protumoral role in the tumor-to-stroma crosstalk [62]. Because macrophages detect and 

engulf extracellular pathogens and damaged cells in highly inflamed tissues, they need a 

well-balanced intrinsic regulatory mechanism to control their own level of inflammation. 

PAMP or DAMP activation of these innate immune cells is mediated by major signaling 

pathways, including NFκB, which promotes the synthesis of pro-IL1β that is processed into 

mature IL-1β by the inflammasome [63]. The mechanism that opposes excessive activation 

of the inflammasome, also depends on NFκB and, as it turns out, p62 (but no other 

Reina-Campos et al. Page 7

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



autophagy adaptors). Specifically, macrophage-activating signals (eg, LPS) induce p62, 

which is required to limit inflammasome complex formation and production of IL-1β 
downstream of NFκB, and to recycle mitochondria damaged by signals that culminate in 

activation of the NLRP3-dependent inflammasome [8] (Figure 2). Thus, when p62 was 

genetically ablated in macrophages in two different mouse models of NLRP3-dependent 

inflammation, and the macrophages were activated, damaged mitochondria accumulated, 

and this induced excessive IL-1β-dependent inflammation and increased tissue damage [8] 

(Figure 2). Based on these results, loss of p62 in tumor-associated macrophages (TAM) 

would be expected to promote tumorigenesis, at least in part through release of cytokine 

IL-1β, which has been suggested to contribute to reprogramming the TME [64, 65] (Figure 

2).

In addition to p62’s role in cancer, we have also learned a great deal about its role in 

systemic metabolic disease. For example, p62 regulates heterocellular crosstalk in the 

context of adipose tissue inflammation, which promotes insulin resistance and so is 

conducive to type-2 diabetes [66]. In this regard, adipocyte conditioned media activates 

adipose tissue macrophages (ATM), a process termed “metabolic activation”, which results 

in an increase of p62 and PPARγ levels [67]. In agreement with the proposed role of p62 in 

limiting excessive inflammation [8], genetic ablation of p62 in ATM markedly increase their 

production of TNFα and IL-1β [67]. Similarly, chemical inhibition of PPARγ increased the 

metabolic activation of ATM [67], consistent with PPARγ’s anti-proliferative role. Of note, 

increased p62 was caused by a deficiency in autophagy, induced by the metabolic 

intermediate palmitate secreted by adipocytes. This adipocyte-macrophage crosstalk through 

palmitate exemplifies how metabolic functions in neighboring cell compartments can impact 

one another’s behavior. Taken together, these studies suggest that p62 and PPARγ restrict 

macrophage-induced inflammation during metabolic activation in adipose tissue.

In addition to its function in macrophages, p62 also controls metabolic functions in 

adipocytes [66, 68]. Total body ablation of p62 [66] and adipocyte-specific p62 KO [68] 

both induced mature-onset obesity, due to increased adiposity and reduced energy 

expenditure (Figure 2). Interestingly, the actions of adipocyte-specific p62 deletion were 

cell-autonomous – originating by impairment of mitochondrial biogenesis, and were 

independent of development or differentiation [68]. This obesity model provides an 

opportunity to study tumor-adipocyte crosstalk independent of caloric intake – that is, 

without relying on administration of hyper-nutritious diets, or genetic ablation of leptin [69]. 

This is important, given that epidemiological studies have found significant associations 

between obesity and increased risk of cancer, both in its incidence and in its progression 

[70]. While adipocytes form fat tissue where tumors do not usually originate, they are also 

part of the TME – especially in organs surrounded by visceral fat [71]. In fact, cancer cells 

can mobilize adipocyte-stored lipids to induce a wasting program leading to release of these 

lipids and a consequent loss of fat mass [72, 73]. This process, known as “fat cachexia”, has 

been shown to represent a key mechanism for promoting tumor progression, by providing 

both an accessible stash of nutrients and increased levels of pro-inflammatory cytokines 

[72]. While the adipocyte-specific function of p62 has not been investigated in the context of 

cancer, its role as a multifunctional adaptor in adipocyte homeostasis (eg, sensing beta-
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adrenergic inputs) [68], suggests that it might suppress the tumorigenic role of the adipose 

tissue.

A broader view of the metabolic actions of p62 in non-cancer contexts was gained by studies 

of one of p62’s closest homologs, the PB1-containing autophagy adaptor NBR1. NBR1 

promotes an inflammatory circuit in ATM, by mediating formation of a signaling complex 

required for JNK activation [74]. In contrast to p62’s anti-inflammatory effect in 

macrophages [8, 67], in vivo deletion of NBR1 in the myeloid compartment inhibited ATM 

inflammatory pathways – resulting in impaired macrophage function, M1 polarization and 

chemotactic activity, which prevented adipose tissue inflammation and improved glucose 

tolerance in obese mice [74]. Opposing actions of NBR1 and p62 were also found in 

osteoblasts, where p62 limited macrophage-dependent NFκB activation through autophagy, 

which prevented excessive inflammation and release of chemokines that retain 

hematopoietic progenitors (HPs) in the bone marrow [75]. Consequently, deletion of p62 in 

osteoblasts promoted excessive NFκB-driven inflammation, loss of chemoattractant 

production and HPs egress from the bone marrow. In contrast, concomitant deletion of p62 

and NBR1 rescued the release of HP-attractant chemokines, thereby rescuing the HP-

retention capacity [75]. These findings suggest opposite roles for p62 and NBR1 in 

mediating inflammation, and that autophagy, which has been suggested to degrade 

inflammasomes and limit IL-1β [76], can also contribute to p62-dependent mitophagy to 

limit inflammation [8].

In summary, p62 has emerged as a multifaceted protein that functions as a tumor suppressor 

in fibroblasts, stellate cells and macrophages by regulating activation of pro-survival 

pathways and promoting cellular adaptation to nutrient deprivation. In adipocytes, p62 might 

also have a metabolic reprogramming effect, which likely impacts tumor progression.

4. p62 partners as independent regulators of cancer metabolism

It now seems clear that p62 plays an important role as an adaptor protein in regulating tumor 

metabolism. In addition, many of the proteins that interact with p62 (eg, PKCζ, NBR1 and 

TRAF6) have also been reported to directly regulate metabolic reprogramming of cancer 

cells, although in an apparently p62-independent manner (Figure 3). Interestingly, p62 was 

discovered as an atypical protein kinase C (PKC)-interacting protein, binding via the Phox/

Brem 1p (PB1) domain [77, 78] (Figure 3). PKCζ plays an essential role in colorectal cancer 

(CRC) by reprogramming the metabolism of cancer cells under glucose-deprivation 

conditions [79]. More specifically, in the absence of glucose, loss of PKCζ allows cancer 

cells to utilize glutamine through 3-phosphoglycerate dehydrogenase (PHGDH) and 

phosphoserine aminotransferase (PSAT1), key enzymes in the serine biosynthesis pathway 

[79]. Since CRC cells utilize high amounts of glucose to survive and proliferate, PKCζ 
deficiency enables these cells to adjust their metabolism to keep up with their bioenergetics 

demands, even when glucose is low.

Much like p62, NBR1 functions as an autophagy adaptor, accumulates upon autophagy 

blockade, and can be found within cytosolic aggregates of misfolded and ubiquitinated 

proteins [80, 81]. In addition, NBR1 interacts with p62 through its PB1 domain [82], which 
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has been suggested to have a cooperative effect in mediating selective autophagy of 

ubiquitinated proteins [81] (Figure 3). However, NBR1 also works independently of p62. 

For instance, NBR1-dependent autophagy controls local remodeling of focal adhesions to 

control cell migration [83]. Furthermore, NBR1 has been shown to localize to peroxisomes, 

where it mediates their selective degradation through a form of autophagy termed 

“pexophagy” [84]. This molecular process is especially relevant in ccCRC, which is 

characterized by high levels of hypoxia and activation of Hif2α to promote NBR1-

dependent pexophagy [85]. In turn, increased pexophagy can lead to metabolic 

reprogramming of the lipid metabolism [85], which has been suggested to play a role in the 

initiation and progression of ccRCC, a cancer characterized by accumulation of neutral 

lipids and glycogen [86]. Interestingly, while NBR1 is necessary and sufficient for 

pexophagy, p62 is not required in the process, but does increase its efficiency [84]. Thus, in 

addition to its impact on metabolism through p62-dependent autophagy, NBR1 functions as 

an independent adaptor to regulate additional biological processes, such as migration and 

pexophagy, that also impact cell metabolism of tumor cells [83, 85]. These, and additional 

future studies, will hopefully help clarify the apparent redundancy of having multiple 

autophagy adaptors and the relation between them.

TRAF6 interacts with p62’s TB domain [87]. Importantly, this interaction makes p62 a key 

component for TRAF6 to function as a mediator of inflammatory cues, such as those 

triggered by TNFα or IL-1β, which ultimately activate NFκB signaling [87]. Beyond 

inflammation, TRAF6 and p62 interaction is also necessary to promote mTORC1 activation 

in the lysosomal membrane in response to amino acids [34]. However, TRAF6 has other 

important functions in regulating tumor cell metabolism to which the contribution of p62 is 

unknown. A recent example of that is the ability of TRAF6 to counteract the tumor 

suppressive function of p53 by restricting its mitochondrial translocation [88]. Given the 

pleiotropic functions of p53, which include the control of cellular metabolism [89], this 

newly uncovered TRAF6-dependent regulation of p53 could have larger implications than 

just blocking spontaneous apoptosis. Furthermore, TRAF6 also regulates HIF-1α by both 

oxygen-independent and -dependent mechanisms [90, 91]. In cancer cells, under normoxic 

conditions, TRAF6 mediates ubiquitination of HIF-1α, which enhances HIF-1α protein 

levels that, in turn, lead to increased HIF-1α transcriptional activity and tumor angiogenesis 

and growth [90] (Figure 3). In breast cancer, TRAF6 also regulates HIF-1α signaling, in this 

case through monoubiquitination of H2AX, which might modulate progression of the 

malignancy [91]. This is important because HIF-1α has a critical role in reprogramming 

cancer cell metabolism – specifically in shifting glucose metabolism from mitochondrial 

oxidative phosphorylation to anaerobic glycolysis [92], which is a hallmark of cancer cell 

metabolism. Thus, PKCζ, NBR1 and TRAF6 all function in p62-independent pathways but 

also interact with p62. It is therefore tempting to speculate that p62 might work as a buffer 

essentially sequestering these proteins as a means to regulate metabolic cascades. 

Alternatively, p62 might fine-tune the actions of its partners adding another layer of 

regulation.
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5. Concluding remarks

The role of p62 in cancer is growing in complexity and relevance. Well beyond its role in 

autophagy, p62 has emerged as a signaling adaptor protein that is capable of orchestrating 

metabolic reprogramming of tumor epithelial cells, but also normal cells in the tumor niche 

– modulating their ability to support tumor growth and proliferation. While p62 might 

appear to be an appealing target in cancer, important limitations arise due to its potent tumor 

suppressor role in certain normal cellular compartments within the TME. On the other hand, 

in cases where p62 has already been lost in the tumor stroma, patients could still benefit 

from p62 inhibition therapies since ablation of p62 in the tumor epithelium dramatically 

inhibits tumorigenesis in vitro and in vivo. However, therapeutic applications targeting p62 

need to consider both cellular contexts.
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Abbreviations

TME tumor microenvironment

SQSTM1 Sequestosome 1

ccRCC clear cell renal cell carcinoma

NBR1 neighbor of BRCA1 Gene 1

TAX1BP1 Tax1 binding protein 1

NDP52 nuclear domain 10 protein 52

OPTN Optineurin

LC3 light chain 3

LIR LC3 interacting region

UBA ubiquitin-associated

p62-ΔUBA truncated p62 with deletion of UBA domain

mTORC1 mammalian target of rapamycin complex 1

NRF2 nuclear receptor factor 2

KEAP1 Kelch Like ECH Associated Protein 1

HCC hepatocellular carcinoma

PDAC pancreatic ductal adenocarcinoma

KRas Kirsten Ras
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Mdm2 mouse double minute 2

TSC1/2 tuberous sclerosis complex 1/2

Rheb1 Ras homolog enriched In brain 1

Raptor regulatory associated protein of mTOR complex 1

Rag Ras related GTP binding

MEKK3 mitogen-activated protein kinase kinase kinase 3

p38δ, alias for mitogen-activated protein kinase 13 (MAPK13)

NFκB nuclear factor kappa B

c-myc proto-oncogene c-Myc

ROS reactive oxygen species

IL-6 interleukin 6

ATF4 activating transcription factor 4

SCF Skp, Cullin, F-box containing complex

β-TRcP beta-transducin repeat containing E3 ubiquitin protein 

ligase

PC pyruvate carboxylase

ASNS asparagine synthethase

TCA tricarboxylic acid cycle

VDR Vitamin-D receptor

RXR retinoic X receptor

NRB nuclear receptor box

TAM tumor-associated macrophages

PAMP(s) pathogen-associated molecular pattern(s)

DAMP(s) damage-associated molecular pattern(s)

IL-1β interleukin 1 beta

LPS lipopolysaccharide

NLRP3 NLR family pyrin domain containing 3

TNFα tumor necrosis factor alpha

ATM(s) adipose tissue macrophage(s)
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PPARγ peroxisome proliferator activated receptor gamma

PB1 Phox/Bem 1

PKC protein kinase C

PHGDH phosphoglycerated dehydrogenase

PSAT1 phosphoserine aminotransferase 1

Vhl von hippel lindeau

Hif hypoxia inducible factor

SHMT2 serine hydroxymethyltransferase 2

G6PD glucose 6 phosphate dehydrogenase

PGD phosphogluconate dehydrogenase

TKT transketolase

TALDO1 transaldolase 1

PPP pentose phosphate pathway

NADPH nicotinamide adenine dinucleotide phosphate

ZZ zinc finger domain

TRAF6 TNF receptor associated factor 6

mUb mono Ubiquitin

H2AX H2A histone family member X

CK1 casein kinase 1 alpha 1

NASH non-alcoholic steatohepatitis

NAFLD non-alcoholic fatty liver disease

HSC hepatic stellate cells

PSC pancreatic stellate cells

DEN diethylnitrosamine

HP hematopoietic progenitor
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Figure 1. p62 in the tumor epithelia
p62 is transcriptionally regulated by inflammation and stress acting via upstream activators 

(eg, AP1, NFκB and NRF2) that are repressed under homeostatic conditions. Autophagy 

impairment promotes p62 accumulation and de-repression of the p62 activators, leading to 

further p62 expression. p62 is also frequently found amplified within the 5q amplicon in 

ccCRC. p62 downstream functions include activation of NFκB to activate pro-survival 

pathways, mTORC1 to activate cell growth and proliferation and NRF2 to drive genes of 

redox detoxification and metabolic pathways.
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Figure 2. p62 and the tumor microenvironment
Role of p62 in four compartments of the TME. HSC activation is repressed when p62 

activates VDR/RXR function, which controls transcription of genes mediating ECM 

remodeling, fibrosis and inflammation. Decreased p62 in prostate CAFs downregulates 

mTORC1 and c-Myc and, thus, cellular detoxification capacity; as a result, ROS 

accumulation is elevated, leading to increased secretion of IL-6 and TGFβ. In addition, 

downregulation of p62 promotes ATF4 upregulation, which drives PC and ASNS to increase 

fibroblast fitness and survival conditions of glutamine deprivation and causes release of 

Asparagine (Asn), which supports tumor growth. p62 regulates lipid biosynthesis and 

mobilization in adipocytes. Inflammatory cues originating in the TME, increase p62 levels 

in macrophages, which then mediates recycling of damaged mitochondria through parkin-

dependent mitophagy to ultimately limit inflammasome-dependent production of IL-1β.
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Figure 3. p62 partners as independent regulators of cancer metabolism
Partners of p62 interact through specific p62 domains: PB1 domain binds other PB1-

containing proteins to control autophagy, inflammation and serine biosynthesis; ZZ domain 

binds RIP and stimulates NFκB pathway; NR box binds VDR to limit inflammatory 

responses; TB domain binds TRAF6 to promote NFκB activation; LIR domain binds LC3 

protein to promote autophagy degradation; KIR domain binds NRF2 inhibitor KEAP1, 

which activates several downstream transcriptional programs (eg, cellular detoxification, 

survival, pentose phosphate pathway, serine biosynthesis and lipid metabolism); UBA 

domain binds polyubiquitinated proteins that, together with the LC3 domain, serve as a 

bridge to exert its function as an autophagy adaptor. Raptor also binds p62 and is involved in 

regulating mTORC1 activation.
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