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Abstract

p62/SQSTM1 is a multifunctional signaling hub and autophagy adaptor with many binding 

partners, which allow it to activate mTORC1-dependent nutrient sensing, NF-κB-mediated 

inflammatory responses and the NRF2-activated antioxidant defense. p62 recognizes polyubiquitin 

chains via its C-terminal domain and binds to LC3 via its LIR motif, thereby promoting the 

autophagic degradation of ubiquitinated cargos. p62 accumulates in many human liver diseases, 

including non-alcoholic steatohepatitis (NASH) and hepatocellular carcinoma (HCC), where it is a 

component of Mallory-Denk bodies and intracellular hyaline bodies. Chronic p62 elevation 

contributes to HCC development by preventing oncogene-induced senescence and death of cancer-

initiating cells and enhancing their proliferation. In this review, we discuss p62-mediated signaling 

pathways and their roles in liver pathophysiology, especially NASH and HCC.

Introduction

p62, also known as sequestosome 1 (SQSTM1)/A170/ZIP/STAP, is a signaling hub and an 

autophagy substrate and adaptor, first identified as a 62 kDa protein which binds 

lymphocyte-specific protein tyrosine kinase (Lck), a Src family member [1-3]. Later, p62 

was also reported to be a binding partner of atypical protein kinase C (aPKC) [4, 5].

p62 harbors multiple functional motifs, including an N-terminal Phox1 and Bem1p (PB1) 

domain, a zinc finger (ZZ), a tumor necrosis factor receptor-associated factor (TRAF) 6 

binding (TB) motif, microtubule-associated protein 1 light chain 3 (LC3) interacting region 

(LIR), kelch-like ECH-associated protein 1 (Keap1) interacting region (KIR) and a C-

terminal ubiquitin associated (UBA) domain [6-15]. p62 forms oligomers via the PB1 

domain and binds aPKC and extracellular signal-regulated kinase (ERK) 1 via PB1, receptor 

interacting protein (RIP) 1 via ZZ, TRAF6 via TB, Raptor via the region between ZZ and 

TB, LC3 via LIR and Keap1 via KIR, and activates mechanistic target of rapamycin 
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complex (mTORC) 1, nuclear factor-κB (NF-κB) and nuclear factor erythroid 2-related 

factor (NRF) 2 [6-8, 10, 16-21] (Figures 1 and 2a). p62 also functions as a selective 

autophagy receptor/adaptor via its UBA and LIR domains and shuttles damaged proteins and 

organelles for autophagic clearance [9, 13, 22, 23]. p62 also binds polyubiquitinated 

caspase-8 via the UBA domain and can promote apoptosis [24]. SQSTM1 (p62) mutations 

in the UBA domain were reported in Paget's diseases and considered to be one of the main 

causes of familial (20-50%) and sporadic (5-15%) Paget's disease of bone (PDB) [25-28]. 

p62 accumulation induced by impaired autophagy was suggested to promote tumorigenesis 

by activating p62-regulated pathways [29].

2. Regulation of p62 expression

p62 is ubiquitously expressed in various cell types [30], mainly in the cytoplasm, but is also 

present in the nucleus, autophagosomes and lysosomes [15, 31]. p62 is overexpressed in 

many types of human cancer, including hepatocellular carcinoma (HCC) [29, 32-38], 

intrahepatic cholangiocarcinoma [39], pancreatic cancer [40], lung cancer [41, 42], oral, 

head and neck cancer [43, 44], esophageal cancer [45], gastric cancer [40, 46], colon cancer 

[40, 47], breast cancer [48-51], prostate cancer [52, 53], melanoma [54], endometrial cancer 

[55], ovarian cancer [56] and kidney cancer [57], as well as chronic liver diseases, such as 

alcoholic and non-alcoholic steatohepatitis (ASH, NASH), that increase HCC risk [34, 37, 

58-60]. Therefore, a p62-encoding DNA plasmid vaccine may be useful for cancer 

immunotherapy [61-63]. However, p62 expression is reduced in the stroma of several 

cancers, including prostate cancer, breast cancer and colon cancer, which promotes 

inflammation and tumorigenesis [64].

p62 expression is regulated transcriptionally and post-translationally [13, 65], whereas its 

activity is controlled by phosphorylation [15]. SQSTM1 gene transcription is induced by 

NRF2 and NF-κB [20, 66-68], both of which are also activated by p62, thus establishing two 

interlocked positive feedback loops. SQSTM1 mRNA expression is also regulated by Ras-

ERK and JNK signaling [69-72] as well as by miR-372 [73] and the nuclear hormone 

receptor farnesoid X receptor (FXR) [74]. In addition to inflammation and oxidative stress, 

which activate NF-κB and NRF2, respectively, SQSTM1 mRNA expression is induced by 

endoplasmic reticulum (ER) stress [75]. p62 protein is rapidly and constantly degraded by 

autophagy and elevated p62 expression in the absence of major changes in SQSTM1 mRNA 

is used as an indicator of autophagic impairment [76-78]. Hypoxia accelerates p62 

degradation by activating autophagy [79], whereas ethanol exposure induces p62 

accumulation through regulation of autophagy [80-84].

3. p62-mediated signaling

3.1 p62 and NRF2 signaling

The Keap1-NRF2 pathway is critical for activation of the protective antioxidant response 

and is also involved in metabolic regulation and cancer chemoresistance [85-87]. NRF2 is a 

member of the CNC-bZIP family, that also includes the basic region leucine zipper (bZIP) 

transcription factors, NRF1, NRF3 and NF-E2 [88]. NRF2 heterodimerizes with small Maf 

(sMaf) bZIP proteins and protects cells from oxidative stress by inducing antioxidant and 
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detoxifying enzymes. NRF2:sMaf heterodimers recognize antioxidant response elements 

(ARE) in the promoter regions of genes involved in glutathione (GSH) synthesis (Gclc, 
Gclm), reactive oxygen species (ROS) elimination (Txnrd1, Prdx1), detoxification (Nqo1, 
Gst), glucuronidation (Ugt1a1, Ugdh), drug excretion (Mrp) and NADPH synthesis (G6PD, 
ME1) [38, 89, 90].

NRF2 expression is mainly regulated post-translationally via an adaptor for a Cul3-based E3 

ubiquitin ligase, Keap1 [91, 92], although oncoproteins, such as K-RasG12D and B-RafV619E, 

induce Nrf2 mRNA accumulation to enhance basal NRF2 expression [93]. Keap1 binds 

NRF2 and promotes its degradation by p62-independent (proteasome-dependent), and p62-

dependent (autophagy-dependent) pathways [92], whereas Keap1 itself is degraded through 

autophagy on p62 binding [94]. But, impairment of autophagy leads to p62 accumulation 

which results in removal of Keap1 from NRF2, stabilization of the latter and induction of 

ARE-containing genes [10, 19]. NRF2 can also be activated via a p62-independent pathway, 

that is triggered by exposure to ROS or electrophiles, which cause oxidation of Keap1 that 

prevents its binding to NRF2, leading to stabilization of the latter [89, 91]. Gankyrin, 

encoded by an NRF2 target gene, is an oncoprotein overexpressed in human HCC, that can 

activate NRF2 in HCC cells in a similar way to p62 [95]. Gankyrin interacts with Keap1 to 

prevent its binding to NRF2, leading to NRF2 activation. Gankyrin and NRF2 cooperatively 

provide HCC cells with resistance to oxidative stress, and gankyrin and NRF2 

overexpression in HCC correlates with poor prognosis [95]. Gankyrin overexpression can 

also activate mTORC1 signaling by accelerating degradation of tuberous sclerosis complex 

(TSC) 2 in colorectal cancer [96]. The cyclin-dependent kinase inhibitor p21WAF-1/CIP1, 

PALB2/FANCN and Wilms tumor gene on X chromosome (WTX) also activate NRF2 by 

competing with Keap1 for NRF2 binding [97-99].

Dysregulation of the Keap1-NRF2 pathway is associated with many human diseases, 

especially cancer [85, 100]. However, it is somewhat controversial whether NRF2 functions 

as an oncogene or a tumor suppressor [87, 101-104]. Initially, NRF2 was postulated to be a 

tumor suppressor in liver and other organs by virtue of its ability to detoxify electrophiles 

and stimulate GSH synthesis [105, 106]. Transient NRF2 activation can inhibit chemical 

carcinogenesis in a variety of mouse models [107-113] but other studies show the opposite 

[34, 114, 115]. NRF2 ablation enhances diethylnitrosamine (DEN)-initiated rat liver 

carcinogenesis [107] and 2-amino-3-methylimidazo[4,5-f]quinoline (IQ)-induced 

hepatocarcinogenesis in mice [109]. Nrf2-/- mice are also susceptible to colitis-associated 

colorectal cancer induced by azoxymethane (AOM) [113]. However, human cancer genome 

sequencing revealed KEAP1 inactivating mutations in lung, breast, ovarian, gallbladder and 

liver cancers [115-124] and NFE2L2 (NRF2) activating mutations in lung, esophageal, skin 

and liver cancers [114, 118, 119, 122, 124, 125], suggesting that NRF2 functions as an 

oncoprotein, at least in late stages of tumor progression. NRF2 activation may inhibit 

chemically-induced tumor initiation, but accelerates tumor progression in a mouse model of 

lung cancer [126, 127], suggesting that NRF2 is tumor suppressive early on, but pro-

oncogenic in later stages. In addition to KEAP1 and NFE2L2 mutations, NRF2 is activated 

upon p62 accumulation in human HCC [33]. NRF2 was postulated to promote liver 

tumorigenesis by suppressing the death of initiated hepatocytes undergoing oxidative stress 

or by inhibiting senescence [128]. Recent studies on the role of p62 in liver carcinogenesis 
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strongly support this hypothesis [34]. NRF2 is also reported to induce metabolic 

reprogramming which supports cell proliferation and promotes drug resistance [38, 129, 

130]. Interestingly, recent papers reported that ROS accumulation limits distant metastasis of 

human melanoma cells, while antioxidant treatment increases melanoma metastasis in mice 

[131-134]. NRF2 activation by antioxidant antidiabetic agents also accelerates metastasis 

[135].

Hepatitis B virus X protein (HBx) binds p62 via the UBA and PB1 domains and augments 

the interaction between p62 and Keap1, leading to NRF2 activation [136]. Hepatic iron 

accumulation has been observed in patients with chronic hepatitis C [137, 138] and iron 

overload induces mitochondrial injury and increases the risk of HCC development in 

transgenic mice expressing the hepatitis C virus (HCV) polyprotein [139]. NRF2 prevents 

iron-induced hepatocyte cell death and liver injury [140]. Ferroptosis is a recently 

recognized form of regulated cell death caused by an iron-dependent accumulation of lipid 

ROS [141]. The p62-Keap1-NRF2 pathway plays a central role in protecting HCC cells 

against ferroptosis [142]. In general, NRF2-induced genes promote chemo- and radio-

resistance [90, 143], and p62-induced NRF2 activation is involved in sorafenib and cisplatin 

resistance in human HCC and ovarian cancer cells [38, 144] and survival of cancer stem 

cells and anticancer drug resistance in sphere-forming breast carcinoma cells [145]. 

SQSTM1 and NQO1, a well-studied NRF2 target gene, are the eleventh and ninth genes 

identified to be strongly associated with radiation resistance in human cancer cell lines 

[146]. It was also reported that NRF2 and the Notch signaling are regulated reciprocally 

[147-154]. Namely, NRF2 induces Notch1 expression and NRF2 is a Notch target [147, 148, 

150, 151]. This NRF2-Notch crosstalk plays an important role in a mouse model of liver 

regeneration [147, 150].

3.2 p62 and NF-κB signaling

NF-κB is mainly activated by inflammation. i.e. inflammatory cytokines, such as tumor 

necrosis factor (TNF) and interleukin (IL)-1β, or Toll-like receptor (TLR) ligands, such as 

lipopolysaccharide (LPS), and plays important roles in innate and adaptive immune 

responses [155, 156]. NF-κB is considered to be a central player in linking inflammation 

and cancer [157]. NF-κB signaling is activated in human HCC [158], and both activation or 

inhibition of NF-κB in hepatocytes enhance hepatocarcinigenesis in mice [159-162]. 

Inhibition of NF-κB signaling can also result in non-alcoholic steatohepatitis (NASH)-like 

pathology in mice [159].

p62 binds TRAF6 via its TB domain and promotes NF-κB activation and the interaction 

between p62 and RIP1 links the aPKCs to TNF-TRAF6- and IL-1β-TRAF6-mediated NF-

κB activation [7, 8, 163]. The TRAF6 gene is amplified in human lung cancer [164], and 

p62 is important for development of Ras-induced lung adenocarcinomas in mice by 

activating IκB kinase (IKK) through TRAF6 polyubiquitination [69]. NF-κB activation 

induced by p62 also promotes mammary and pancreatic tumorigenesis [66, 165] and 

myeloid malignancies with chromosome 5q deletions [166].

In addition, p62 plays an important role in CD40-TRAF6- and nerve growth factor (NGF)-

TRAF6-mediated NF-κB activation [167, 168] as well as receptor activator of NF-κB ligand 
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(RANKL)-TRAF6-mediated NF-κB activation during osteoclastogenesis which is critical in 

the pathogenesis of PDB [27, 169, 170]. In addition to the TB domain, the UBA domain 

plays an important role in RANKL-induced activation of NF-κB as well as nuclear factor of 

activated T cells (NFAT) and ERK [170-172]. However, p62 also inhibits NF-κB activation 

in osteoblasts at several levels and is required for hematopoietic stem cell/progenitor 

retention in bone marrow [173]. p62 also acts downstream to T-cell receptor (TCR) 

activation and promotes allergic airway inflammation [174-176]. p62 promotes keratinocyte 

inflammatory responses via NF-κB activation [177], and enhances NF-κB activity in 

specific tissue macrophages by sequestering A20 in autophagosomes [178]. However, it is 

also reported that NF-κB-induced p62 expression in macrophages inhibits inflammasome-

dependent sterile inflammation and IL-1β production [67] and p62 attenuates cytokine gene 

expression in activated macrophages by suppressing TRAF6-NF-κB activation [179]. 

Undoubtedly, p62 is a multifunctional protein and its exact function is context dependent.

3.3 p62 and mTORC1 signaling

The mTORC1 complex senses and integrates diverse environmental cues to regulate a 

variety of processes that generate or use large amounts of energy and nutrients [180]. mTOR 

interacts with Raptor and Rictor to form two functionally distinct large complexes: 

mTORC1 and mTORC2, respectively. mTORC1 is activated by growth factors and nutrients, 

especially amino acids. Chronic mTORC1 activation is closely associated with human 

diseases, such as cancer, obesity, type 2 diabetes, and neurodegeneration. mTORC1 

activation has been observed in 40-50% of HCC and is associated with poor prognosis [181, 

182]. However, thus far, mTORC1 inhibitors (rapalogs) were not found to improve the 

overall survival of HCC patients [183], consistent with mouse data [184].

p62 binds Raptor and thereby can control mTORC1 activity [17]. Under nutrient-rich 

conditions, p62 is phosphorylated by p38δ at threonine 269 and serine 272 in response to 

amino acids in a MEKK3-dependent manner [185]. This results in recruitment of TRAF6 to 

p62 through its TB, and the interaction between p62 and TRAF6 enhances mTORC1 

lysosomal translocation and activation [17, 185, 186]. mTORC1, transforming growth factor 

β-activated kinase 1 (TAK1) and other unknown kinase(s) also phosphorylate p62 at serine 

349 in humans or serine 351 in mice and this enhances the KIR-mediated binding of p62 to 

Keap1, thereby augmenting NRF2 activation [187, 188]. Importantly, this was found to 

occur in liver tumors in both mice and men [36, 38, 187]. Interestingly, phosphorylated p62 

is accumulated in tumor regions positive for HCV, but is barely detectable in tumor regions 

positive for hepatitis B virus (HBV) [38]. This may be because HCV, but not HBV, interferes 

with autophagy and utilizes autophagosomes for its RNA replication, although both HCV 

and HBV infections induce autophagosome formation [38, 189-195]. mTORC1 activation 

induced by hypernutrition also causes phosphorylation and inhibition of Unc-51-like protein 

kinase (Ulk) 1, resulting in attenuation of autophagy and p62 accumulation [196-198]. 

Therefore, mTORC1 and p62 are also engaged in reciprocal regulation via a positive 

feedback loop. Furthermore, liver-specific Tsc1-/- mice, which develop HCC due to chronic 

mTORC1 activation [199], exhibit massive p62 accumulation and p62 ablation in their 

hepatocytes completely inhibits HCC development [34]. c-Myc expression in both mouse 

and human HCC, which is thought to be driven by mTORC1 activation, is also diminished 
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upon p62 ablation [34]. p62 is also reported to promote breast cancer stem-like properties by 

stabilizing Myc mRNA [200].

3.4 p62 and autophagy

Autophagy plays an important role in both liver homeostasis and pathophysiology, e.g., 

nutrient and energy metabolism, clearance of misfolded proteins, lipid and alcohol 

metabolism, degradation and recycling of damaged organelles and the pathogenesis of viral 

hepatitis [201-204]. Complete inhibition of autophagy in hepatocytes, induced by deletion of 

the essential autophagy genes, autophagy-related (Atg)5 or Atg7, causes spontaneous liver 

injury, hepatomegaly and appearance of liver tumors [205]. These tumors, however, are 

benign adenomas, which is consistent with other experiments showing that autophagy is 

required for development of pancreatic carcinomas [206]. Liver adenomas in liver-specific 

Atg7-/- mice show strong accumulation of p62 and subsequent NRF2 activation due to 

autophagy inhibition, and both tumor growth and liver injury are markedly suppressed by 

p62 deletion [23, 205]. Liver injury is alleviated by NRF2 ablation and exacerbated by 

Keap1 deletion in liver-specific Atg7-/- mice [10]. Liver inflammation, fibrosis and 

tumorigenesis are also completely rescued by NRF2 deletion in liver-specific Atg5-/- mice 

[207]. However, NRF2 activation induced by impaired autophagy causes liver injury 

independently of p62 accumulation [94].

Autophagy is a more selective degradation process than originally anticipated and p62 

functions as a cargo receptor in selective autophagy [208]. Other cargo receptors include 

NBR1 (neighbor of BRCA1 gene 1) and NDP52 (nuclear dot protein 52), OPTN 

(optineurin) and TAX1BP1 (Tax1-binding protein 1) [209, 210]. Curiously, ablation of p62 

in hepatocytes or pancreatic acinar cells does not result in any obvious autophagy defects 

[34, 211], suggesting that its function is redundant with that of other cargo receptors. p62, 

however, is essential for the mitophagic clearance of mitochondria that were damaged by 

exposure of macrophages to various NACHT, LRR and PYD domains-containing protein 3 

(NLRP3) inflammasome activators [67]. p62 also regulates autophagic removal of excess 

hepatic ER in mice [212]. Interestingly, depletion of p62 dramatically enhances the 

efficiency of gene delivery in various mammalian cells, including embryonic stem (ES) 

cells, by suppressing autophagosome formation at the site of exogenous DNAs [213].

The role of autophagy in tumorigenesis (i.e. tumor promoter or tumor suppressor) depends 

on cellular context and stage [214-216]. During early stages of malignant development, 

autophagy seems to suppress tumor growth by enhancing degradation of defective proteins 

and inhibiting accumulation of genotoxic free radicals [217]. In contrast, at later stages, 

autophagy helps cancer cells in the central areas of the tumor survive under local low-

nutrient and low-oxygen conditions [218]. p62 is constantly degraded by autophagy, whose 

impairment results in its accumulation, which causes further impairment of autophagy 

through mTORC1 activation, although it was reported that LPS-induced p62 accumulation 

promotes clearance of autophagy-like aggregates in hepatocytes [68]. Of note, p62 

accumulation in hepatocytes promotes HCC development and recurrence in mice and 

humans [33, 34, 38]. p62 accumulation caused by insufficient autophagy also promotes cell 

proliferation and migration through stabilization of the oncogenic transcription factor Twist1 
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[219]. In the absence of TAK1, p62 recruits RIP1 and mediates necrosome assembly in 

association with the autophagic machinery for tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL)-induced necroptosis [220].

Casein kinase 2 (CK2) directly phosphorylates p62 at serine 403 within its UBA domain and 

regulates the selective autophagic clearance of ubiquitinated proteins by increasing p62 

affinity to polyubiquitin chains [221]. p62 is also phosphorylated at serine 403 by a Sestrin2-

ULK1 complex [222] or TANK-Binding Kinase 1 (TBK1) [223]. ULK1 also phosphorylates 

p62 at serine 407, which destabilizes the UBA dimer interface and increases the affinity of 

p62 to ubiquitin [224]. ULK1 was reported as potential prognostic biomarker for HCC 

[225].

3.5 p62 and endoplasmic reticulum (ER) stress

The ER is not only the site for synthesis, folding, and transport of secreted proteins, but it is 

also where sterols and other complex lipids are made and calcium is stored [226]. If protein 

and lipid biosynthesis exceed the processing capacity of the ER, three ER-linked defensive 

processes, including inositol-requiring enzyme 1 (IRE1), PKR-like ER kinase (PERK) and 

activating transcription factor (ATF) 6, which constitute the unfolded protein response 

(UPR), are activated [226]. Phosphorylated PERK which is induced by ER stress 

phosphorylates NRF2, leading to its dissociation from Keap1 and activation of the 

antioxidant response [227]. In addition, activated PERK-eIF2α increases expression of 

ATF4, which is an NRF2 dimerization protein [228] and also contributes to activation of the 

antioxidant response, as well as regulation of amino acid metabolism and autophagy, 

including p62 to promote cell survival [229, 230]. JNK activation also induces expression of 

p62 [231]. ER stress also results in induction of the antioxidant protein Sestrin2, which halts 

protein synthesis by inhibiting mTORC1 activation [232, 233]. N-terminal arginylation of 

immunoglobulin heavy chain binding protein (BiP, also known as GRP78) is induced by 

various stress signals, such as cytosolic misfolded proteins, together with autophagy, and 

arginylated BiP binds p62 via its N-terminal arginine which interacts with the ZZ domain of 

p62 [234]. This induces self-oligomerization and aggregation of p62 and promotes its 

interaction with LC3, resulting in targeting to autophagosomes and selective lysosomal 

degradation of both arginylated BiP and p62 and their associated cargos.

Abnormal protein aggregates, which commonly include p62, are pathognomonic features of 

chronic liver diseases, including HCC [235] and induce ER stress [236, 237], while ER 

stress induces p62 expression [75]. Functional CRISPR screening revealed that impairment 

of protein ufmylation elicits an ER stress response and increases p62 expression [238]. ER 

stress is also induced by high fat diet (HFD) or in leptin-deficient obese mice, resulting in 

p62 accumulation in mouse liver due to inhibition of selective autophagy at the 

autophagosome-lysosome fusion step [239, 240]. However, ER stress generally induces 

autophagy through regulation of mTORC1 and AMP-activated protein kinase (AMPK) 

signaling and expression of autophagy-related genes (Atg, Becn1), and ER stress-induced 

autophagy is considered as an essential protective mechanism during ER stress [241, 242]. 

HCV infection induces chronic ER stress and UPR in hepatocytes, which is associated with 

steatosis, cell death, and immune escape [190, 195, 243-249]. Upregulation of the UPR is 
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often observed in cancers, including HCC [250, 251], and may play important roles in HCC 

initiation and promotion [252]. However, due to the dual role of ER stress and the UPR in 

cell survival, apoptosis and autophagy, it is not clear whether these processes promote or 

inhibit tumor growth [253].

4. p62 and liver diseases

4.1 p62 and liver regeneration/injury

Autophagy plays an essential role in the preservation of cellular quality control and 

homeostasis during liver regeneration, which is severely suppressed after partial 

hepatectomy in liver-specific Atg5-/- mice [254]. NRF2 is highly activated in Atg5-/- mice 

due to p62 accumulation [255] and constitutive NRF2 activation in hepatocytes delays 

proliferation and induces apoptosis during liver regeneration [256]. So p62 may inhibit liver 

regeneration by activating NRF2, however, it is also reported that p62 expression is reduced 

after partial hepatectomy of mouse steatotic livers, causing more liver damage from 

oxidative stress and delayed regeneration mainly due to NRF2 inactivation [257]. 

Correspondingly, liver regeneration is significantly delayed after partial hepatectomy in 

Nrf2-/- mice [258]. Therefore, the role of p62 in control of liver regeneration after partial 

hepatectomy is still controversial, and needs to be further investigated.

In contrast to its deleterious effect on liver regeneration after partial hepatectomy, liver-

specific Atg5 deletion protects mice from acetaminophen (APAP)-induced liver injury by 

promoting NRF2 activation [255]. Conversely, Nrf2-/- mice are more sensitive to APAP-

induced hepatotoxicity than wild-type mice [259], whereas liver-specific Keap1-/- mice, in 

which NRF2 is constitutively activated, are more resistant to APAP than control mice [260]. 

Constitutive NRF2 activation in myeloid cells also results in decreased liver damage, 

necrosis, apoptosis, inflammation, and oxidative stress in a mouse model of liver ischemia 

and reperfusion injury [261]. However, constitutive liver-specific NRF2 activation does not 

protect from carbon tetrachloride (CCl4)-induced liver injury and fibrosis [256]. The role of 

p62 in liver injury remains to be investigated although p62 ablation in liver-specific Tsc1-/- 

mice prevented liver inflammation and fibrosis [34] and p62 plays a protective role against 

APAP-induced hepatocyte necrosis [262].

TRIM21, a RING finger domain-containing ubiquitin E3 ligase, ubiquitylates p62 at K7 via 

a K63-linkage, and prevents p62 dimerization and Keap1 sequestration [263]. Yet, Trim21 
null liver is protected from arsenic-induced liver damage [263]. Sestrin1 and Sestrin2 bind 

p62 and Keap1 and prevent oxidative liver damage by activating NRF2 [264].

4.2 p62 and non-alcoholic steatohepatitis (NASH)

Non-alcoholic fatty liver disease (NAFLD), which is closely associated with obesity, has 

become one of the most prevalent liver diseases worldwide. NAFLD includes simple hepatic 

steatosis and NASH, characterized by hepatic steatosis with inflammation, hepatocyte 

ballooning, presence of Mallory-Denk bodies (MDB) and fibrosis [265]. NASH-related 

HCC is significantly increasing and is a major indication for liver transplantation in the U.S. 

[266]. The ‘two-hit’ or ‘multiple-hit’ hypothesis was proposed to explain NASH 
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pathogenesis, according to which additional stress beyond the initial steatosis triggers fatty 

liver to NASH progression [267, 268]. In general, oxidative stress promotes NAFLD 

[269-275]. ER stress is also involved in NAFLD progression by regulating hepatic lipid 

metabolism [269, 276-279]. It was shown that some stresses, such as oxidative stress, lead to 

cell injury and death via apoptosis or necrosis, and that this is an important driver of 

inflammation and fibrosis in NASH [280-282]. Lipophagy, a specific type of 

macroautophagy that regulates lipid storage and metabolism in hepatocytes, is impaired in 

NAFLD as well as under conditions that predispose to NAFLD such as obesity and aging, 

suggesting a protective role of autophagy in the pathogenesis of NAFLD [60, 204, 283-288].

p62 aggregates are present in human NASH and mouse NASH models [34, 59, 60, 252]. p62 

expression is much higher in NASH patients compared with patients with simple hepatic 

steatosis [60], and similar differences were found in mice [34]. Whole-body Sqstm1-/- mice 

develop mature-onset obesity due to ERK activation and enhanced adipogenesis [16, 289] 

although it was also reported that the absence of p62 in the brain causes hyperphagia and 

mature-onset obesity by modulating leptin signaling [290]. However, liver-specific Sqstm1, 

Keap1 or Nrf2 null mice or liver-specific constitutively active NRF2 transgenic mice show 

no apparent metabolic abnormalities despite altered expression of NRF2 target genes, 

suggesting that the p62-Keap1-NRF2 axis in hepatocytes does not control basal metabolism 

[38, 256, 260, 291]. Liver-specific Sqstm1-/- mice show no obvious liver abnormalities even 

if they are fed with HFD [291], although when this deficiency is introduced into a strain that 

develops NASH in response to HFD, it attenuates ballooning degeneration, ROS 

accumulation and fibrosis [34].

NRF2 suppresses expression of key enzymes involved in fatty acid synthesis [292-300]. p62-

induced NRF2 activation protects cells from lipotoxicity induced by palmitic acid [301], 

which is the most abundant fatty acid in human serum [302] and an inducer of pro-

inflammatory cytokines, including TNF, IL-6 and IL-8, and ROS production [303-305]. 

Together with the results described above, it appears that the p62-Keap1-NRF2 axis slows 

down NASH development (Figure 2b). Indeed, NRF2 activation protects mice from 

steatohepatitis [292, 293, 298, 300, 306-311]. NRF2 activators, such as the thiol-reactive 

agent oltipraz (OPZ) and NK-252 (1-(5-(furan-2-yl)-1,3,4-oxadiazol-2-yl)-3-(pyridin-2-

ylmethyl)urea), also attenuate the progression of NASH-related fibrosis in a rat model [312]. 

Liver-specific Nrf1-/- mice showed decreased expression of ARE-containing genes and 

developed hepatic steatosis and liver cancer [313].

p62 is also involved in insulin signaling [314]. p62 interacts with insulin receptor substrate 

(IRS)-1 upon insulin stimulation and promotes AKT activation, GLUT4 translocation to the 

membrane, and glucose uptake [314]. However, this remains to be established in liver-

specific Sqstm1-/- mice. Growth factor receptor-bound protein 14 (Grb14), which binds p62 

and is an inhibitor of insulin signaling, promotes liver lipogenesis through inhibition of p62-

mediated NRF2 activation [315]. p62 increases hypoxia inducible factor (HIF)-1α levels and 

transcriptional activity by regulating mTORC1 and NF-κB signaling, thereby modulating 

glucose metabolism [316].
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4.3 p62 and liver cancer

Adult primary liver cancer includes HCC and cholangiocellular carcinoma (CCC), and HCC 

is mainly caused by HBV or HCV infections, as well as NASH and alcoholic liver disease 

[266]. As mentioned above, p62 expression is elevated in HCC [29, 32-38] and high p62 in 

the surrounding non-tumor tissue is a strong predictor of HCC recurrence after 

radiofrequency ablation [34]. High NRF2 is also a potential prognostic marker for HCC 

[317]. NFE2L2 (NRF2) and KEAP1 mutations occur in approximately 5-15% of HCCs 

[118, 119, 123, 124] [318], but no SQSTM1 mutations have been detected. Of note, 

NFE2L2 or KEAP1 mutations are not detected in human premalignant lesions that 

accompany liver cirrhosis [319], although Nfe2L2 or Keap1 mutations already occur in 70% 

of early chemically-induced premalignant lesions in rat liver [320]. Since p62 is 

overexpressed in most of human premalignant lesions of HCCs, due to autophagy inhibition 

and/or increased Sqstm1 mRNA expression [33], p62 accumulation is probably a main 

driver of NRF2 activation in early HCC, rather than NFE2L2 or KEAP1 mutations.

As mentioned above, complete inhibition of autophagy by Atg5 or Atg7 deletion in mouse 

liver causes only benign liver adenoma [205]. By contrast, liver-specific Tsc1-/- mice 

develop spontaneous HCC due to mTORC1 activation, subsequent partial inhibition of 

autophagy and p62 accumulation [199], suggesting that a low level of basal autophagy is 

needed for malignant conversion of hepatic adenomas. Partial inhibition of autophagy also 

occurs in simple hepatic steatosis and NASH [60]. HCC development in liver-specific 

Tsc1-/- mice is suppressed by p62 ablation or by treatment with rapamycin, an mTOR 

inhibitor [34, 199].

In normal adult liver, hepatocytes divide only rarely and therefore inflammation and 

repetitive liver injury are needed for HCC development by inducing hepatocyte regeneration 

and compensatory proliferation [156]. Many HCC-initiating cells usually die due to 

excessive oxidative stress during the process and cannot keep accumulating driver mutations. 

We found that p62 overexpression by adenovirus-associated virus (AAV) induces activation 

of NRF2 and mTORC1, as well as c-Myc and is sufficient for HCC initiation in mice [34]. A 

point mutation in the p62 KIR domain, which prevents Keap1 binding, blocks NRF2 

activation and abolishes p62 oncogenic activity, underscoring the importance of NRF2 

activation for HCC development. Using four different mouse HCC models of distinct 

etiologies, DEN-induced HCC, mTORC1-driven HCC in liver-specific Tsc1-/- mice and 

NASH-induced HCC in MUP-uPA transgenic mice or streptozotocin (STZ)-HFD-treated 

mice, we found that p62 accumulation in hepatocytes promotes HCC development and 

NRF2 activation [34]. p62-promoted NRF2 activation in HCC-initiating cells allows these 

cells to survive oxidative stress and continuously accumulate oncogenic mutations, leading 

to HCC initiation and progression (Figure 2c). However, overexpression of constitutive 

active NRF2 in liver or NRF2 activation by liver-specific Keap1 deletion does not induce 

HCC without further support [256, 260]. In addition to NRF2 activation, other pathways 

induced by p62, such as NF-κB, mTORC1, phosphoinositide-3-kinase (PI3K)-AKT or Wnt-

β-catenin might synergize with NRF2 to promote HCC development [57, 69, 124, 165, 321, 

322].
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p62 as well as keratins 8 and 18 (K8/18) and ubiquitin are major components of MDB, 

intracellular hyaline bodies (IHB) and hybrid inclusions [37, 58], which are hallmarks of 

chronic liver diseases, including viral hepatitis (HBV, HCV), NASH, ASH, Wilson disease, 

hemochromatosis and primary biliary cirrhosis (PBC), all of which greatly increase HCC 

risk [323]. In addition, p62-containing aggregates are present in nearly 50% of surgical HCC 

specimens [58], but their significance for HCC development had remained unknown. We 

discovered that overexpression of a p62 deletion mutant lacking the UBA domain (p62 

ΔUBA), which cannot form any aggregates, can still induce HCC when overexpressed in 

mouse liver [34], suggesting that formation of MDB, IHB and hybrid inclusions is not the 

cause of HCC development.

Tribbles homolog 3 (TRB3), a stress and metabolic sensor, is highly expressed in human 

HCC and its expression is positively correlated with poor prognosis [324]. TRB3 interacts 

with p62 and inhibits p62 binding to LC3 and ubiquitinated substrates, leading to p62 

accumulation and tumor promotion [324]. Interestingly, a recent paper reported that both 

mTORC1 and autophagy regulate the stochastic phase of somatic cell reprogramming to 

induced pluripotent stem (iPS) cells by regulating p62 levels [325]. NRF2 also regulates the 

metabolic shift from oxidative to glycolytic energy production during iPS cell 

reprogramming by promoting HIF-α activation [326] and induces expression of the rate-

limiting pentose phosphate pathway (PPP) enzyme glucose-6-phosphate dehydrogenase 

(G6PD) in HCC [327]. Since reprogramming of somatic cells to iPS cells shares much 

similarity with cancer initiation [328], it is possible that cancer-initiating cells use the same 

pathways to acquire malignant properties. Indeed, phosphorylated p62 promotes malignancy 

of HCV-positive HCC through NRF2-dependent metabolic reprogramming [38]. A more 

recent paper reported that nuclear-localized p62 which accumulates due to autophagy 

deficiency directly binds to and inhibits nuclear RNF168, an E3 ligase, which is essential for 

H2A ubiquitination and DNA damage responses, resulting in impairment of DNA double-

strand breaks (DSBs) repair [329, 330]. This represents a new mechanism through which 

p62 can initiate and promote tumorigenesis.

5. Conclusions and future prospects

p62 expression is elevated in response to a variety of cellular stresses, especially those that 

result in impaired autophagic flux. By activating NRF2, accumulation of p62 triggers the 

protective antioxidant response. However, chronic p62 accumulation and NRF2 activation 

play important roles in the initiation and progression of HCC [34]. Therefore, future 

research should be focused on pharmacological methods to inhibit p62 accumulation and/or 

chronic persistent NRF2 and mTORC1 activation in HCC. NRF2, NF-κB and/or mTORC1 

inhibitors may suppress p62 accumulation in addition to inhibiting their targets because 

SQSTM1 expression is regulated by both NRF2 and NF-κB and mTORC1 activation 

induces p62 accumulation. Since the interaction between phosphorylated p62 and Keap1 is 

very important for NRF2 activation and HCC induction [33, 38, 187], inhibitors of this 

interaction may be useful in HCC prevention in high-risk individuals. Such inhibitors may 

alter the binding of p62 to Keap1 or prevent its phosphorylation. Recently, it was reported 

that K67, a specific inhibitor for Keap1 and phospho-p62 interaction, suppresses cell 

proliferation and drug resistance in HCC [38]. Another important pro-tumorigenic pathology 
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activated by p62 is mTORC1, which stimulates cancer cell anabolism and leads to 

upregulation of c-Myc [34, 64]. The interaction between p62 and Raptor may also be 

targeted as another HCC preventive strategy. Inhibitors of p38δ kinase or the interaction 

between phosphorylated p62 and TRAF6 may also be able to prevent HCC initiation and 

p62-induced mTORC1 activation. However, p62 expression in epithelial cells promotes 

tumorigenesis, while p62 expression in stromal fibroblasts inhibits tumorigenesis [64]. 

Therefore, ample consideration should be given when p62-targeted therapies are developed.

More importantly, both p62 and NRF2, as well as mTORC1, play key homeostatic roles. 

Whereas transient activation of NRF2 protects cells, especially hepatocytes, from oxidative 

stress and environmental toxins, its persistent activation upon dysregulated p62 

accumulation, due to long-term impairment of autophagy, promotes development of HCC 

and numerous other cancers. Any future therapeutic or preventive strategy should take this 

into account and include inhibition of persistent NRF2 and mTORC1 activation, without 

reducing their basal activity.

Acknowledgments

K.T. was supported by the Postdoctoral Fellowship for Research Abroad, the Research Fellowship for Young 
Scientists and the Strategic Young Researcher Overseas Visits Program for Accelerating Brain Circulation from the 
Japan Society for the Promotion of Science, the Uehara Memorial Foundation Fellowship, the Mochida Memorial 
Foundation for Medical and Pharmaceutical Research, and the Kanae Foundation for the Promotion of Medical 
Science; M.K. the Ben and Wanda Hildyard Chair for Mitochondrial and Metabolic Diseases. Research was 
supported by the NIH (R01CA163798, R01CA118165 and R01CA198103-01A1) and the Superfund Basic 
Research Program (P42ES010337).

References

1. Park I, et al. Phosphotyrosine-independent binding of a 62-kDa protein to the src homology 2 (SH2) 
domain of p56lck and its regulation by phosphorylation of Ser-59 in the lck unique N-terminal 
region. Proc Natl Acad Sci U S A. 1995; 92(26):12338–42. [PubMed: 8618896] 

2. Okazaki M, et al. Cloning, expression profile, and genomic organization of the mouse STAP/A170 
gene. Genomics. 1999; 60(1):87–95. [PubMed: 10458914] 

3. Ishii T, et al. Murine peritoneal macrophages induce a novel 60-kDa protein with structural 
similarity to a tyrosine kinase p56lck-associated protein in response to oxidative stress. Biochem 
Biophys Res Commun. 1996; 226(2):456–60. [PubMed: 8806656] 

4. Puls A, et al. Interaction of protein kinase C zeta with ZIP, a novel protein kinase C-binding protein. 
Proc Natl Acad Sci U S A. 1997; 94(12):6191–6. [PubMed: 9177193] 

5. Sanchez P, et al. Localization of atypical protein kinase C isoforms into lysosome-targeted 
endosomes through interaction with p62. Mol Cell Biol. 1998; 18(5):3069–80. [PubMed: 9566925] 

6. Lamark T, et al. Interaction codes within the family of mammalian Phox and Bem1p domain-
containing proteins. J Biol Chem. 2003; 278(36):34568–81. [PubMed: 12813044] 

7. Sanz L, et al. The interaction of p62 with RIP links the atypical PKCs to NF-kappaB activation. 
EMBO J. 1999; 18(11):3044–53. [PubMed: 10356400] 

8. Sanz L, et al. The atypical PKC-interacting protein p62 channels NF-kappaB activation by the IL-1-
TRAF6 pathway. EMBO J. 2000; 19(7):1576–86. [PubMed: 10747026] 

9. Bjorkoy G, et al. p62/SQSTM1 forms protein aggregates degraded by autophagy and has a 
protective effect on huntingtin-induced cell death. J Cell Biol. 2005; 171(4):603–14. [PubMed: 
16286508] 

10. Komatsu M, et al. The selective autophagy substrate p62 activates the stress responsive 
transcription factor Nrf2 through inactivation of Keap1. Nat Cell Biol. 2010; 12(3):213–23. 
[PubMed: 20173742] 

Taniguchi et al. Page 12

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



11. Vadlamudi RK, et al. p62, a phosphotyrosine-independent ligand of the SH2 domain of p56lck, 
belongs to a new class of ubiquitin-binding proteins. J Biol Chem. 1996; 271(34):20235–7. 
[PubMed: 8702753] 

12. Moscat J, Diaz-Meco MT. p62: a versatile multitasker takes on cancer. Trends Biochem Sci. 2012; 
37(6):230–6. [PubMed: 22424619] 

13. Komatsu M, Kageyama S, Ichimura Y. p62/SQSTM1/A170: physiology and pathology. Pharmacol 
Res. 2012; 66(6):457–62. [PubMed: 22841931] 

14. Manley S, Williams JA, Ding WX. Role of p62/SQSTM1 in liver physiology and pathogenesis. 
Exp Biol Med (Maywood). 2013; 238(5):525–38. [PubMed: 23856904] 

15. Katsuragi Y, Ichimura Y, Komatsu M. p62/SQSTM1 functions as a signaling hub and an autophagy 
adaptor. FEBS J. 2015; 282(24):4672–8. [PubMed: 26432171] 

16. Rodriguez A, et al. Mature-onset obesity and insulin resistance in mice deficient in the signaling 
adapter p62. Cell Metab. 2006; 3(3):211–22. [PubMed: 16517408] 

17. Duran A, et al. p62 is a key regulator of nutrient sensing in the mTORC1 pathway. Mol Cell. 2011; 
44(1):134–46. [PubMed: 21981924] 

18. Copple IM, et al. Physical and functional interaction of sequestosome 1 with Keap1 regulates the 
Keap1-Nrf2 cell defense pathway. J Biol Chem. 2010; 285(22):16782–8. [PubMed: 20378532] 

19. Lau A, et al. A noncanonical mechanism of Nrf2 activation by autophagy deficiency: direct 
interaction between Keap1 and p62. Mol Cell Biol. 2010; 30(13):3275–85. [PubMed: 20421418] 

20. Jain A, et al. p62/SQSTM1 is a target gene for transcription factor NRF2 and creates a positive 
feedback loop by inducing antioxidant response element-driven gene transcription. J Biol Chem. 
2010; 285(29):22576–91. [PubMed: 20452972] 

21. Riley BE, et al. Ubiquitin accumulation in autophagy-deficient mice is dependent on the Nrf2-
mediated stress response pathway: a potential role for protein aggregation in autophagic substrate 
selection. J Cell Biol. 2010; 191(3):537–52. [PubMed: 21041446] 

22. Pankiv S, et al. p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated 
protein aggregates by autophagy. J Biol Chem. 2007; 282(33):24131–45. [PubMed: 17580304] 

23. Komatsu M, et al. Homeostatic levels of p62 control cytoplasmic inclusion body formation in 
autophagy-deficient mice. Cell. 2007; 131(6):1149–63. [PubMed: 18083104] 

24. Jin Z, et al. Cullin3-based polyubiquitination and p62-dependent aggregation of caspase-8 mediate 
extrinsic apoptosis signaling. Cell. 2009; 137(4):721–35. [PubMed: 19427028] 

25. Laurin N, et al. Recurrent mutation of the gene encoding sequestosome 1 (SQSTM1/p62) in Paget 
disease of bone. Am J Hum Genet. 2002; 70(6):1582–8. [PubMed: 11992264] 

26. Hocking LJ, et al. Domain-specific mutations in sequestosome 1 (SQSTM1) cause familial and 
sporadic Paget's disease. Hum Mol Genet. 2002; 11(22):2735–9. [PubMed: 12374763] 

27. Zhang J, Yang Z, Dong J. P62: An emerging oncotarget for osteolytic metastasis. J Bone Oncol. 
2016; 5(1):30–7. [PubMed: 26998424] 

28. Rea SL, et al. New insights into the role of sequestosome 1/p62 mutant proteins in the pathogenesis 
of Paget's disease of bone. Endocr Rev. 2013; 34(4):501–24. [PubMed: 23612225] 

29. Mathew R, et al. Autophagy suppresses tumorigenesis through elimination of p62. Cell. 2009; 
137(6):1062–75. [PubMed: 19524509] 

30. Joung I, Strominger JL, Shin J. Molecular cloning of a phosphotyrosine-independent ligand of the 
p56lck SH2 domain. Proc Natl Acad Sci U S A. 1996; 93(12):5991–5. [PubMed: 8650207] 

31. Pankiv S, et al. Nucleocytoplasmic shuttling of p62/SQSTM1 and its role in recruitment of nuclear 
polyubiquitinated proteins to promyelocytic leukemia bodies. J Biol Chem. 2010; 285(8):5941–53. 
[PubMed: 20018885] 

32. Bao L, et al. Impaired autophagy response in human hepatocellular carcinoma. Exp Mol Pathol. 
2014; 96(2):149–54. [PubMed: 24369267] 

33. Inami Y, et al. Persistent activation of Nrf2 through p62 in hepatocellular carcinoma cells. J Cell 
Biol. 2011; 193(2):275–84. [PubMed: 21482715] 

34. Umemura A, et al. p62, Upregulated during Preneoplasia, Induces Hepatocellular Carcinogenesis 
by Maintaining Survival of Stressed HCC-Initiating Cells. Cancer Cell. 2016; 29(6):935–48. 
[PubMed: 27211490] 

Taniguchi et al. Page 13

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Jin GZ, et al. A novel panel of biomarkers in distinction of small well-differentiated HCC from 
dysplastic nodules and outcome values. BMC Cancer. 2013; 13:161. [PubMed: 23537217] 

36. Shimizu T, et al. Accumulation of phosphorylated p62 is associated with NF-E2-related factor 2 
activation in hepatocellular carcinoma. J Hepatobiliary Pancreat Sci. 2016

37. Zatloukal K, et al. p62 Is a common component of cytoplasmic inclusions in protein aggregation 
diseases. Am J Pathol. 2002; 160(1):255–63. [PubMed: 11786419] 

38. Saito T, et al. p62/Sqstm1 promotes malignancy of HCV-positive hepatocellular carcinoma through 
Nrf2-dependent metabolic reprogramming. Nat Commun. 2016; 7:12030. [PubMed: 27345495] 

39. Aishima S, et al. p62+ Hyaline inclusions in intrahepatic cholangiocarcinoma associated with viral 
hepatitis or alcoholic liver disease. Am J Clin Pathol. 2010; 134(3):457–65. [PubMed: 20716803] 

40. Mohamed A, et al. P62/Ubiquitin IHC Expression Correlated with Clinicopathologic Parameters 
and Outcome in Gastrointestinal Carcinomas. Front Oncol. 2015; 5:70. [PubMed: 25870850] 

41. Inoue D, et al. Accumulation of p62/SQSTM1 is associated with poor prognosis in patients with 
lung adenocarcinoma. Cancer Sci. 2012; 103(4):760–6. [PubMed: 22320446] 

42. Schlafli AM, et al. Prognostic value of the autophagy markers LC3 and p62/SQSTM1 in early-
stage non-small cell lung cancer. Oncotarget. 2016

43. Kuo WL, et al. p62/SQSTM1 accumulation in squamous cell carcinoma of head and neck predicts 
sensitivity to phosphatidylinositol 3-kinase pathway inhibitors. PLoS One. 2014; 9(3):e90171. 
[PubMed: 24599075] 

44. Inui T, et al. Association of p62/SQSTM1 excess and oral carcinogenesis. PLoS One. 2013; 
8(9):e74398. [PubMed: 24086340] 

45. Adams O, et al. Prognostic relevance of autophagy markers LC3B and p62 in esophageal 
adenocarcinomas. Oncotarget. 2016

46. Masuda GO, et al. Clinicopathological Correlations of Autophagy-related Proteins LC3, Beclin 1 
and p62 in Gastric Cancer. Anticancer Res. 2016; 36(1):129–36. [PubMed: 26722036] 

47. Park JM, et al. Prognostic impact of Beclin 1, p62/sequestosome 1 and LC3 protein expression in 
colon carcinomas from patients receiving 5-fluorouracil as adjuvant chemotherapy. Cancer Biol 
Ther. 2013; 14(2):100–7. [PubMed: 23192274] 

48. Thompson HG, et al. p62 overexpression in breast tumors and regulation by prostate-derived Ets 
factor in breast cancer cells. Oncogene. 2003; 22(15):2322–33. [PubMed: 12700667] 

49. Luo RZ, et al. Accumulation of p62 is associated with poor prognosis in patients with triple-
negative breast cancer. Onco Targets Ther. 2013; 6:883–8. [PubMed: 23888115] 

50. Rolland P, et al. The ubiquitin-binding protein p62 is expressed in breast cancers showing features 
of aggressive disease. Endocr Relat Cancer. 2007; 14(1):73–80. [PubMed: 17395976] 

51. Choi J, Jung W, Koo JS. Expression of autophagy-related markers beclin-1, light chain 3A, light 
chain 3B and p62 according to the molecular subtype of breast cancer. Histopathology. 2013; 
62(2):275–86. [PubMed: 23134379] 

52. Kitamura H, et al. Cytosolic overexpression of p62 sequestosome 1 in neoplastic prostate tissue. 
Histopathology. 2006; 48(2):157–61. [PubMed: 16405664] 

53. Giatromanolaki A, et al. Autophagy proteins in prostate cancer: relation with anaerobic metabolism 
and Gleason score. Urol Oncol. 2014; 32(1):39 e11–8. [PubMed: 23787295] 

54. Ellis RA, et al. Prognostic impact of p62 expression in cutaneous malignant melanoma. J Invest 
Dermatol. 2014; 134(5):1476–8. [PubMed: 24270664] 

55. Iwadate R, et al. High Expression of p62 Protein Is Associated with Poor Prognosis and Aggressive 
Phenotypes in Endometrial Cancer. Am J Pathol. 2015; 185(9):2523–33. [PubMed: 26162509] 

56. Ju LL, et al. Expression and clinical implication of Beclin1, HMGB1, p62, survivin, BRCA1 and 
ERCC1 in epithelial ovarian tumor tissues. Eur Rev Med Pharmacol Sci. 2016; 20(10):1993–2003. 
[PubMed: 27249597] 

57. Friboulet L, et al. ERCC1 function in nuclear excision and interstrand crosslink repair pathways is 
mediated exclusively by the ERCC1-202 isoform. Cell Cycle. 2013; 12(20):3298–306. [PubMed: 
24036546] 

58. Denk H, et al. Are the Mallory bodies and intracellular hyaline bodies in neoplastic and non-
neoplastic hepatocytes related? J Pathol. 2006; 208(5):653–61. [PubMed: 16477590] 

Taniguchi et al. Page 14

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



59. Fukuo Y, et al. Abnormality of autophagic function and cathepsin expression in the liver from 
patients with non-alcoholic fatty liver disease. Hepatol Res. 2014; 44(9):1026–36. [PubMed: 
24299564] 

60. Gonzalez-Rodriguez A, et al. Impaired autophagic flux is associated with increased endoplasmic 
reticulum stress during the development of NAFLD. Cell Death Dis. 2014; 5:e1179. [PubMed: 
24743734] 

61. Sabbieti MG, et al. Plasmid DNA-coding p62 as a bone effective anti-inflammatory/anabolic agent. 
Oncotarget. 2015; 6(6):3590–9. [PubMed: 25668818] 

62. Gabai V, et al. Pilot study of p62 DNA vaccine in dogs with mammary tumors. Oncotarget. 2014; 
5(24):12803–10. [PubMed: 25296974] 

63. Gabai VL, Shifrin VI. Feasibility analysis of p62 (SQSTM1)-encoding DNA vaccine as a novel 
cancer immunotherapy. Int Rev Immunol. 2014; 33(5):375–82. [PubMed: 25277339] 

64. Valencia T, et al. Metabolic reprogramming of stromal fibroblasts through p62-mTORC1 signaling 
promotes inflammation and tumorigenesis. Cancer Cell. 2014; 26(1):121–35. [PubMed: 
25002027] 

65. Moscat J, Diaz-Meco MT. Feedback on fat: p62-mTORC1-autophagy connections. Cell. 2011; 
147(4):724–7. [PubMed: 22078874] 

66. Ling J, et al. KrasG12D-induced IKK2/beta/NF-kappaB activation by IL-1alpha and p62 
feedforward loops is required for development of pancreatic ductal adenocarcinoma. Cancer Cell. 
2012; 21(1):105–20. [PubMed: 22264792] 

67. Zhong Z, et al. NF-kappaB Restricts Inflammasome Activation via Elimination of Damaged 
Mitochondria. Cell. 2016; 164(5):896–910. [PubMed: 26919428] 

68. Chen C, et al. Lipopolysaccharide stimulates p62-dependent autophagy-like aggregate clearance in 
hepatocytes. Biomed Res Int. 2014; 2014:267350. [PubMed: 24683544] 

69. Duran A, et al. The signaling adaptor p62 is an important NF-kappaB mediator in tumorigenesis. 
Cancer Cell. 2008; 13(4):343–54. [PubMed: 18394557] 

70. Puissant A, et al. Resveratrol promotes autophagic cell death in chronic myelogenous leukemia 
cells via JNK-mediated p62/SQSTM1 expression and AMPK activation. Cancer Res. 2010; 70(3):
1042–52. [PubMed: 20103647] 

71. Puissant A, Fenouille N, Auberger P. When autophagy meets cancer through p62/SQSTM1. Am J 
Cancer Res. 2012; 2(4):397–413. [PubMed: 22860231] 

72. Vegliante R, et al. Dehydroepiandrosterone triggers autophagic cell death in human hepatoma cell 
line HepG2 via JNK-mediated p62/SQSTM1 expression. Carcinogenesis. 2016; 37(3):233–44. 
[PubMed: 26762228] 

73. Yeh LY, et al. miR-372 inhibits p62 in head and neck squamous cell carcinoma in vitro and in vivo. 
Oncotarget. 2015; 6(8):6062–75. [PubMed: 25714028] 

74. Williams JA, et al. Tissue specific induction of p62/Sqstm1 by farnesoid X receptor. PLoS One. 
2012; 7(8):e43961. [PubMed: 22952826] 

75. Liu XD, et al. Transient aggregation of ubiquitinated proteins is a cytosolic unfolded protein 
response to inflammation and endoplasmic reticulum stress. J Biol Chem. 2012; 287(23):19687–
98. [PubMed: 22518844] 

76. Bjorkoy G, et al. Monitoring autophagic degradation of p62/SQSTM1. Methods Enzymol. 2009; 
452:181–97. [PubMed: 19200883] 

77. Morgan MJ, Thorburn A. Measuring Autophagy in the Context of Cancer. Adv Exp Med Biol. 
2016; 899:121–43. [PubMed: 27325265] 

78. Jiang P, Mizushima N. LC3- and p62-based biochemical methods for the analysis of autophagy 
progression in mammalian cells. Methods. 2015; 75:13–8. [PubMed: 25484342] 

79. Pursiheimo JP, et al. Hypoxia-activated autophagy accelerates degradation of SQSTM1/p62. 
Oncogene. 2009; 28(3):334–44. [PubMed: 18931699] 

80. Thomes PG, et al. Acute and Chronic Ethanol Administration Differentially Modulate Hepatic 
Autophagy and Transcription Factor EB. Alcohol Clin Exp Res. 2015; 39(12):2354–63. [PubMed: 
26556759] 

Taniguchi et al. Page 15

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



81. Donohue TM Jr, Thomes PG. Ethanol-induced oxidant stress modulates hepatic autophagy and 
proteasome activity. Redox Biol. 2014; 3:29–39. [PubMed: 25462063] 

82. Guo R, et al. Aldehyde dedydrogenase-2 plays a beneficial role in ameliorating chronic alcohol-
induced hepatic steatosis and inflammation through regulation of autophagy. J Hepatol. 2015; 
62(3):647–56. [PubMed: 25457208] 

83. Wu D, et al. CYP2E1 enhances ethanol-induced lipid accumulation but impairs autophagy in 
HepG2 E47 cells. Biochem Biophys Res Commun. 2010; 402(1):116–22. [PubMed: 20932821] 

84. Manley S, et al. Farnesoid X receptor regulates forkhead Box O3a activation in ethanol-induced 
autophagy and hepatotoxicity. Redox Biol. 2014; 2C:991–1002. [PubMed: 25460735] 

85. Kansanen E, et al. The Keap1-Nrf2 pathway: Mechanisms of activation and dysregulation in 
cancer. Redox Biol. 2013; 1:45–9. [PubMed: 24024136] 

86. Suzuki T, Yamamoto M. Molecular basis of the Keap1-Nrf2 system. Free Radic Biol Med. 2015; 
88(Pt B):93–100. [PubMed: 26117331] 

87. Jaramillo MC, Zhang DD. The emerging role of the Nrf2-Keap1 signaling pathway in cancer. 
Genes Dev. 2013; 27(20):2179–91. [PubMed: 24142871] 

88. Kim HM, Han JW, Chan JY. Nuclear Factor Erythroid-2 Like 1 (NFE2L1): Structure, function and 
regulation. Gene. 2016; 584(1):17–25. [PubMed: 26947393] 

89. Mitsuishi Y, Motohashi H, Yamamoto M. The Keap1-Nrf2 system in cancers: stress response and 
anabolic metabolism. Front Oncol. 2012; 2:200. [PubMed: 23272301] 

90. Furfaro AL, et al. The Nrf2/HO-1 Axis in Cancer Cell Growth and Chemoresistance. Oxid Med 
Cell Longev. 2016; 2016:1958174. [PubMed: 26697129] 

91. Itoh K, et al. Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2 
through binding to the amino-terminal Neh2 domain. Genes Dev. 1999; 13(1):76–86. [PubMed: 
9887101] 

92. Jiang T, et al. p62 links autophagy and Nrf2 signaling. Free Radic Biol Med. 2015; 88(Pt B):199–
204. [PubMed: 26117325] 

93. DeNicola GM, et al. Oncogene-induced Nrf2 transcription promotes ROS detoxification and 
tumorigenesis. Nature. 2011; 475(7354):106–9. [PubMed: 21734707] 

94. Taguchi K, et al. Keap1 degradation by autophagy for the maintenance of redox homeostasis. Proc 
Natl Acad Sci U S A. 2012; 109(34):13561–6. [PubMed: 22872865] 

95. Yang C, et al. Gankyrin has an antioxidative role through the feedback regulation of Nrf2 in 
hepatocellular carcinoma. J Exp Med. 2016; 213(5):859–75. [PubMed: 27091842] 

96. Qin X, et al. Gankyrin activates mTORC1 signaling by accelerating TSC2 degradation in colorectal 
cancer. Cancer Lett. 2016; 376(1):83–94. [PubMed: 26975632] 

97. Chen W, et al. Direct interaction between Nrf2 and p21(Cip1/WAF1) upregulates the Nrf2-
mediated antioxidant response. Mol Cell. 2009; 34(6):663–73. [PubMed: 19560419] 

98. Ma J, et al. PALB2 interacts with KEAP1 to promote NRF2 nuclear accumulation and function. 
Mol Cell Biol. 2012; 32(8):1506–17. [PubMed: 22331464] 

99. Camp ND, et al. Wilms tumor gene on X chromosome (WTX) inhibits degradation of NRF2 
protein through competitive binding to KEAP1 protein. J Biol Chem. 2012; 287(9):6539–50. 
[PubMed: 22215675] 

100. O'Connell MA, Hayes JD. The Keap1/Nrf2 pathway in health and disease: from the bench to the 
clinic. Biochem Soc Trans. 2015; 43(4):687–9. [PubMed: 26551713] 

101. Shen H, Zhou S, Wang J. The paradoxical role of Nrf2 in tumor biology. Crit Rev Eukaryot Gene 
Expr. 2013; 23(1):37–47. [PubMed: 23557336] 

102. Shelton P, Jaiswal AK. The transcription factor NF-E2-related factor 2 (Nrf2): a protooncogene? 
FASEB J. 2013; 27(2):414–23. [PubMed: 23109674] 

103. Sporn MB, Liby KT. NRF2 and cancer: the good, the bad and the importance of context. Nat Rev 
Cancer. 2012; 12(8):564–71. [PubMed: 22810811] 

104. Menegon S, Columbano A, Giordano S. The Dual Roles of NRF2 in Cancer. Trends Mol Med. 
2016

105. Suzuki T, Motohashi H, Yamamoto M. Toward clinical application of the Keap1-Nrf2 pathway. 
Trends Pharmacol Sci. 2013; 34(6):340–6. [PubMed: 23664668] 

Taniguchi et al. Page 16

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



106. Hayes JD, McMahon M. NRF2 and KEAP1 mutations: permanent activation of an adaptive 
response in cancer. Trends Biochem Sci. 2009; 34(4):176–88. [PubMed: 19321346] 

107. Bishayee A, et al. Resveratrol suppresses oxidative stress and inflammatory response in 
diethylnitrosamine-initiated rat hepatocarcinogenesis. Cancer Prev Res (Phila). 2010; 3(6):753–
63. [PubMed: 20501860] 

108. Iida K, et al. Nrf2 is essential for the chemopreventive efficacy of oltipraz against urinary bladder 
carcinogenesis. Cancer Res. 2004; 64(18):6424–31. [PubMed: 15374950] 

109. Kitamura Y, et al. Increased susceptibility to hepatocarcinogenicity of Nrf2-deficient mice 
exposed to 2-amino-3-methylimidazo[4,5-f]quinoline. Cancer Sci. 2007; 98(1):19–24. [PubMed: 
17083568] 

110. Osburn WO, et al. Increased colonic inflammatory injury and formation of aberrant crypt foci in 
Nrf2-deficient mice upon dextran sulfate treatment. Int J Cancer. 2007; 121(9):1883–91. 
[PubMed: 17631644] 

111. Ramos-Gomez M, et al. Sensitivity to carcinogenesis is increased and chemoprotective efficacy of 
enzyme inducers is lost in nrf2 transcription factor-deficient mice. Proc Natl Acad Sci U S A. 
2001; 98(6):3410–5. [PubMed: 11248092] 

112. Xu C, et al. Inhibition of 7,12-dimethylbenz(a)anthracene-induced skin tumorigenesis in 
C57BL/6 mice by sulforaphane is mediated by nuclear factor E2-related factor 2. Cancer Res. 
2006; 66(16):8293–6. [PubMed: 16912211] 

113. Khor TO, et al. Increased susceptibility of Nrf2 knockout mice to colitis-associated colorectal 
cancer. Cancer Prev Res (Phila). 2008; 1(3):187–91. [PubMed: 19138955] 

114. Shibata T, et al. Cancer related mutations in NRF2 impair its recognition by Keap1-Cul3 E3 
ligase and promote malignancy. Proc Natl Acad Sci U S A. 2008; 105(36):13568–73. [PubMed: 
18757741] 

115. Shibata T, et al. Genetic alteration of Keap1 confers constitutive Nrf2 activation and resistance to 
chemotherapy in gallbladder cancer. Gastroenterology. 2008; 135(4):1358–1368. 1368 e1–4. 
[PubMed: 18692501] 

116. Padmanabhan B, et al. Structural basis for defects of Keap1 activity provoked by its point 
mutations in lung cancer. Mol Cell. 2006; 21(5):689–700. [PubMed: 16507366] 

117. Ohta T, et al. Loss of Keap1 function activates Nrf2 and provides advantages for lung cancer cell 
growth. Cancer Res. 2008; 68(5):1303–9. [PubMed: 18316592] 

118. Schulze K, et al. Exome sequencing of hepatocellular carcinomas identifies new mutational 
signatures and potential therapeutic targets. Nat Genet. 2015; 47(5):505–11. [PubMed: 
25822088] 

119. Totoki Y, et al. Trans-ancestry mutational landscape of hepatocellular carcinoma genomes. Nat 
Genet. 2014; 46(12):1267–73. [PubMed: 25362482] 

120. Nioi P, Nguyen T. A mutation of Keap1 found in breast cancer impairs its ability to repress Nrf2 
activity. Biochem Biophys Res Commun. 2007; 362(4):816–21. [PubMed: 17822677] 

121. Konstantinopoulos PA, et al. Keap1 mutations and Nrf2 pathway activation in epithelial ovarian 
cancer. Cancer Res. 2011; 71(15):5081–9. [PubMed: 21676886] 

122. Cancer Genome Atlas Research, N. Comprehensive genomic characterization of squamous cell 
lung cancers. Nature. 2012; 489(7417):519–25. [PubMed: 22960745] 

123. Cleary SP, et al. Identification of driver genes in hepatocellular carcinoma by exome sequencing. 
Hepatology. 2013; 58(5):1693–702. [PubMed: 23728943] 

124. Guichard C, et al. Integrated analysis of somatic mutations and focal copy-number changes 
identifies key genes and pathways in hepatocellular carcinoma. Nat Genet. 2012; 44(6):694–8. 
[PubMed: 22561517] 

125. Kim YR, et al. Oncogenic NRF2 mutations in squamous cell carcinomas of oesophagus and skin. 
J Pathol. 2010; 220(4):446–51. [PubMed: 19967722] 

126. Satoh H, et al. Nrf2 prevents initiation but accelerates progression through the Kras signaling 
pathway during lung carcinogenesis. Cancer Res. 2013; 73(13):4158–68. [PubMed: 23610445] 

127. Satoh H, et al. NRF2 intensifies host defense systems to prevent lung carcinogenesis, but after 
tumor initiation accelerates malignant cell growth. Cancer Res. 2016

Taniguchi et al. Page 17

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



128. Hayes JD, McMahon M. The double-edged sword of Nrf2: subversion of redox homeostasis 
during the evolution of cancer. Mol Cell. 2006; 21(6):732–4. [PubMed: 16543142] 

129. Mitsuishi Y, et al. Nrf2 redirects glucose and glutamine into anabolic pathways in metabolic 
reprogramming. Cancer Cell. 2012; 22(1):66–79. [PubMed: 22789539] 

130. DeNicola GM, et al. NRF2 regulates serine biosynthesis in non-small cell lung cancer. Nat Genet. 
2015; 47(12):1475–81. [PubMed: 26482881] 

131. Peiris-Pages M, et al. Metastasis and Oxidative Stress: Are Antioxidants a Metabolic Driver of 
Progression? Cell Metab. 2015; 22(6):956–8. [PubMed: 26636492] 

132. Piskounova E, et al. Oxidative stress inhibits distant metastasis by human melanoma cells. Nature. 
2015; 527(7577):186–91. [PubMed: 26466563] 

133. Le Gal K, et al. Antioxidants can increase melanoma metastasis in mice. Sci Transl Med. 2015; 
7(308):308re8.

134. Harris IS, Brugge JS. Cancer: The enemy of my enemy is my friend. Nature. 2015; 527(7577):
170–1. [PubMed: 26503052] 

135. Wang H, et al. NRF2 activation by antioxidant antidiabetic agents accelerates tumor metastasis. 
Sci Transl Med. 2016; 8(334):334ra51.

136. Liu B, et al. Hepatitis B virus stimulates G6PD expression through HBx-mediated Nrf2 
activation. Cell Death Dis. 2015; 6:e1980. [PubMed: 26583321] 

137. Farinati F, et al. Iron storage, lipid peroxidation and glutathione turnover in chronic anti-HCV 
positive hepatitis. J Hepatol. 1995; 22(4):449–56. [PubMed: 7545199] 

138. Kageyama F, et al. Successful interferon therapy reverses enhanced hepatic iron accumulation and 
lipid peroxidation in chronic hepatitis C. Am J Gastroenterol. 2000; 95(4):1041–50. [PubMed: 
10763957] 

139. Furutani T, et al. Hepatic iron overload induces hepatocellular carcinoma in transgenic mice 
expressing the hepatitis C virus polyprotein. Gastroenterology. 2006; 130(7):2087–98. [PubMed: 
16762631] 

140. Silva-Gomes S, et al. Transcription factor NRF2 protects mice against dietary iron-induced liver 
injury by preventing hepatocytic cell death. J Hepatol. 2014; 60(2):354–61. [PubMed: 24021424] 

141. Cao JY, Dixon SJ. Mechanisms of ferroptosis. Cell Mol Life Sci. 2016

142. Sun X, et al. Activation of the p62-Keap1-NRF2 pathway protects against ferroptosis in 
hepatocellular carcinoma cells. Hepatology. 2016; 63(1):173–84. [PubMed: 26403645] 

143. Zhou S, et al. Nrf2 is a potential therapeutic target in radioresistance in human cancer. Crit Rev 
Oncol Hematol. 2013; 88(3):706–15. [PubMed: 24126138] 

144. Xia M, et al. p62/SQSTM1 is involved in cisplatin resistance in human ovarian cancer cells via 
the Keap1-Nrf2-ARE system. Int J Oncol. 2014; 45(6):2341–8. [PubMed: 25269472] 

145. Ryoo IG, Choi BH, Kwak MK. Activation of NRF2 by p62 and proteasome reduction in sphere-
forming breast carcinoma cells. Oncotarget. 2015; 6(10):8167–84. [PubMed: 25717032] 

146. Yard BD, et al. A genetic basis for the variation in the vulnerability of cancer to DNA damage. 
Nat Commun. 2016; 7:11428. [PubMed: 27109210] 

147. Wakabayashi N, et al. Regulation of notch1 signaling by nrf2: implications for tissue 
regeneration. Sci Signal. 2010; 3(130):ra52. [PubMed: 20628156] 

148. Wakabayashi N, et al. Notch-Nrf2 axis: regulation of Nrf2 gene expression and cytoprotection by 
notch signaling. Mol Cell Biol. 2014; 34(4):653–63. [PubMed: 24298019] 

149. Wei Y, et al. Nrf2 acts cell-autonomously in endothelium to regulate tip cell formation and 
vascular branching. Proc Natl Acad Sci U S A. 2013; 110(41):E3910–8. [PubMed: 24062466] 

150. Wakabayashi N, Chartoumpekis DV, Kensler TW. Crosstalk between Nrf2 and Notch signaling. 
Free Radic Biol Med. 2015; 88(Pt B):158–67. [PubMed: 26003520] 

151. Zhao Q, et al. Downregulation of Nrf2 promotes radiation-induced apoptosis through Nrf2 
mediated Notch signaling in non-small cell lung cancer cells. Int J Oncol. 2016; 48(2):765–73. 
[PubMed: 26691854] 

152. Yamaguchi M, et al. Evidence of Notch-Hesr-Nrf2 Axis in Muscle Stem Cells, but Absence of 
Nrf2 Has No Effect on Their Quiescent and Undifferentiated State. PLoS One. 2015; 
10(9):e0138517. [PubMed: 26418810] 

Taniguchi et al. Page 18

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



153. Paul MK, et al. Dynamic changes in intracellular ROS levels regulate airway basal stem cell 
homeostasis through Nrf2-dependent Notch signaling. Cell Stem Cell. 2014; 15(2):199–214. 
[PubMed: 24953182] 

154. Kim JH, et al. NRF2-mediated Notch pathway activation enhances hematopoietic reconstitution 
following myelosuppressive radiation. J Clin Invest. 2014; 124(2):730–41. [PubMed: 24463449] 

155. DiDonato JA, Mercurio F, Karin M. NF-kappaB and the link between inflammation and cancer. 
Immunol Rev. 2012; 246(1):379–400. [PubMed: 22435567] 

156. Grivennikov SI, Greten FR, Karin M. Immunity, inflammation, and cancer. Cell. 2010; 140(6):
883–99. [PubMed: 20303878] 

157. Karin M. Nuclear factor-kappaB in cancer development and progression. Nature. 2006; 
441(7092):431–6. [PubMed: 16724054] 

158. Wu JM, et al. NF-kappaB inhibition in human hepatocellular carcinoma and its potential as 
adjunct to sorafenib based therapy. Cancer Lett. 2009; 278(2):145–55. [PubMed: 19303700] 

159. Luedde T, et al. Deletion of NEMO/IKKgamma in liver parenchymal cells causes steatohepatitis 
and hepatocellular carcinoma. Cancer Cell. 2007; 11(2):119–32. [PubMed: 17292824] 

160. Seki E, Brenner DA. The role of NF-kappaB in hepatocarcinogenesis: promoter or suppressor? J 
Hepatol. 2007; 47(2):307–9. [PubMed: 17566588] 

161. Maeda S, et al. IKKbeta couples hepatocyte death to cytokine-driven compensatory proliferation 
that promotes chemical hepatocarcinogenesis. Cell. 2005; 121(7):977–90. [PubMed: 15989949] 

162. Finkin S, et al. Ectopic lymphoid structures function as microniches for tumor progenitor cells in 
hepatocellular carcinoma. Nat Immunol. 2015; 16(12):1235–44. [PubMed: 26502405] 

163. Zotti T, et al. TRAF6-mediated ubiquitination of NEMO requires p62/sequestosome-1. Mol 
Immunol. 2014; 58(1):27–31. [PubMed: 24270048] 

164. Starczynowski DT, et al. TRAF6 is an amplified oncogene bridging the RAS and NF-kappaB 
pathways in human lung cancer. J Clin Invest. 2011; 121(10):4095–105. [PubMed: 21911935] 

165. Wei H, et al. p62/SQSTM1 synergizes with autophagy for tumor growth in vivo. Genes Dev. 
2014; 28(11):1204–16. [PubMed: 24888590] 

166. Fang J, et al. Myeloid malignancies with chromosome 5q deletions acquire a dependency on an 
intrachromosomal NF-kappaB gene network. Cell Rep. 2014; 8(5):1328–38. [PubMed: 
25199827] 

167. Seibold K, Ehrenschwender M. p62 regulates CD40-mediated NFkappaB activation in 
macrophages through interaction with TRAF6. Biochem Biophys Res Commun. 2015; 464(1):
330–5. [PubMed: 26133577] 

168. Wooten MW, et al. The p62 scaffold regulates nerve growth factor-induced NF-kappaB activation 
by influencing TRAF6 polyubiquitination. J Biol Chem. 2005; 280(42):35625–9. [PubMed: 
16079148] 

169. Duran A, et al. The atypical PKC-interacting protein p62 is an important mediator of RANK-
activated osteoclastogenesis. Dev Cell. 2004; 6(2):303–9. [PubMed: 14960283] 

170. McManus S, Roux S. The adaptor protein p62/SQSTM1 in osteoclast signaling pathways. J Mol 
Signal. 2012; 7:1. [PubMed: 22216904] 

171. Yip KH, et al. p62 ubiquitin binding-associated domain mediated the receptor activator of nuclear 
factor-kappaB ligand-induced osteoclast formation: a new insight into the pathogenesis of Paget's 
disease of bone. Am J Pathol. 2006; 169(2):503–14. [PubMed: 16877352] 

172. Chamoux E, et al. Involvement of kinase PKC-zeta in the p62/p62(P392L)-driven activation of 
NF-kappaB in human osteoclasts. Biochim Biophys Acta. 2013; 1832(3):475–84. [PubMed: 
23266528] 

173. Chang KH, et al. p62 is required for stem cell/progenitor retention through inhibition of IKK/NF-
kappaB/Ccl4 signaling at the bone marrow macrophage-osteoblast niche. Cell Rep. 2014; 9(6):
2084–97. [PubMed: 25533346] 

174. Martin P, Diaz-Meco MT, Moscat J. The signaling adapter p62 is an important mediator of T 
helper 2 cell function and allergic airway inflammation. EMBO J. 2006; 25(15):3524–33. 
[PubMed: 16874300] 

Taniguchi et al. Page 19

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



175. Diaz-Meco MT, Moscat J. The atypical PKCs in inflammation: NF-kappaB and beyond. Immunol 
Rev. 2012; 246(1):154–67. [PubMed: 22435553] 

176. Paul S, et al. T cell receptor signals to NF-kappaB are transmitted by a cytosolic p62-Bcl10-
Malt1-IKK signalosome. Sci Signal. 2014; 7(325):ra45. [PubMed: 24825920] 

177. Lee HM, et al. Autophagy negatively regulates keratinocyte inflammatory responses via 
scaffolding protein p62/SQSTM1. J Immunol. 2011; 186(2):1248–58. [PubMed: 21160040] 

178. Kanayama M, et al. Autophagy enhances NFkappaB activity in specific tissue macrophages by 
sequestering A20 to boost antifungal immunity. Nat Commun. 2015; 6:5779. [PubMed: 
25609235] 

179. Kim JY, Ozato K. The sequestosome 1/p62 attenuates cytokine gene expression in activated 
macrophages by inhibiting IFN regulatory factor 8 and TNF receptor-associated factor 6/NF-
kappaB activity. J Immunol. 2009; 182(4):2131–40. [PubMed: 19201866] 

180. Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell. 2012; 149(2):
274–93. [PubMed: 22500797] 

181. Ashworth RE, Wu J. Mammalian target of rapamycin inhibition in hepatocellular carcinoma. 
World J Hepatol. 2014; 6(11):776–82. [PubMed: 25429315] 

182. Zhou L, et al. The mTOR pathway is associated with the poor prognosis of human hepatocellular 
carcinoma. Med Oncol. 2010; 27(2):255–61. [PubMed: 19301157] 

183. Zhu AX, et al. Effect of everolimus on survival in advanced hepatocellular carcinoma after failure 
of sorafenib: the EVOLVE-1 randomized clinical trial. JAMA. 2014; 312(1):57–67. [PubMed: 
25058218] 

184. Umemura A, et al. Liver damage, inflammation, and enhanced tumorigenesis after persistent 
mTORC1 inhibition. Cell Metab. 2014; 20(1):133–44. [PubMed: 24910242] 

185. Linares JF, et al. Amino Acid Activation of mTORC1 by a PB1-Domain-Driven Kinase Complex 
Cascade. Cell Rep. 2015; 12(8):1339–52. [PubMed: 26279575] 

186. Linares JF, et al. K63 polyubiquitination and activation of mTOR by the p62-TRAF6 complex in 
nutrient-activated cells. Mol Cell. 2013; 51(3):283–96. [PubMed: 23911927] 

187. Ichimura Y, et al. Phosphorylation of p62 activates the Keap1-Nrf2 pathway during selective 
autophagy. Mol Cell. 2013; 51(5):618–31. [PubMed: 24011591] 

188. Hashimoto K, et al. TAK1 regulates the Nrf2 antioxidant system through modulating p62/
SQSTM1. Antioxid Redox Signal. 2016

189. Mizui T, et al. Inhibition of hepatitis C virus replication by chloroquine targeting virus-associated 
autophagy. J Gastroenterol. 2010; 45(2):195–203. [PubMed: 19760134] 

190. Sir D, et al. Induction of incomplete autophagic response by hepatitis C virus via the unfolded 
protein response. Hepatology. 2008; 48(4):1054–61. [PubMed: 18688877] 

191. Sir D, et al. Replication of hepatitis C virus RNA on autophagosomal membranes. J Biol Chem. 
2012; 287(22):18036–43. [PubMed: 22496373] 

192. Vescovo T, et al. Autophagy in HCV infection: keeping fat and inflammation at bay. Biomed Res 
Int. 2014; 2014:265353. [PubMed: 25162004] 

193. Ploen D, Hildt E. Hepatitis C virus comes for dinner: How the hepatitis C virus interferes with 
autophagy. World J Gastroenterol. 2015; 21(28):8492–507. [PubMed: 26229393] 

194. Ke PY, Chen SS. Autophagy in hepatitis C virus-host interactions: potential roles and therapeutic 
targets for liver-associated diseases. World J Gastroenterol. 2014; 20(19):5773–93. [PubMed: 
24914338] 

195. Dash S, et al. Hepatitis C Virus Infection Induces Autophagy as a Prosurvival Mechanism to 
Alleviate Hepatic ER-Stress Response. Viruses. 2016; 8(5)

196. Kim J, et al. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat 
Cell Biol. 2011; 13(2):132–41. [PubMed: 21258367] 

197. Schneider JL, Cuervo AM. Liver autophagy: much more than just taking out the trash. Nat Rev 
Gastroenterol Hepatol. 2014; 11(3):187–200. [PubMed: 24192609] 

198. Egan DF, et al. Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects 
energy sensing to mitophagy. Science. 2011; 331(6016):456–61. [PubMed: 21205641] 

Taniguchi et al. Page 20

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



199. Menon S, et al. Chronic activation of mTOR complex 1 is sufficient to cause hepatocellular 
carcinoma in mice. Sci Signal. 2012; 5(217):ra24. [PubMed: 22457330] 

200. Xu LZ, et al. p62/SQSTM1 enhances breast cancer stem-like properties by stabilizing MYC 
mRNA. Oncogene. 2016

201. Ding WX. Role of autophagy in liver physiology and pathophysiology. World J Biol Chem. 2010; 
1(1):3–12. [PubMed: 21540988] 

202. Czaja MJ, et al. Functions of autophagy in normal and diseased liver. Autophagy. 2013; 9(8):
1131–58. [PubMed: 23774882] 

203. Lee YJ, Jang BK. The Role of Autophagy in Hepatocellular Carcinoma. Int J Mol Sci. 2015; 
16(11):26629–43. [PubMed: 26561802] 

204. Singh R, et al. Autophagy regulates lipid metabolism. Nature. 2009; 458(7242):1131–5. 
[PubMed: 19339967] 

205. Takamura A, et al. Autophagy-deficient mice develop multiple liver tumors. Genes Dev. 2011; 
25(8):795–800. [PubMed: 21498569] 

206. Rosenfeldt MT, et al. p53 status determines the role of autophagy in pancreatic tumour 
development. Nature. 2013; 504(7479):296–300. [PubMed: 24305049] 

207. Ni HM, et al. Nrf2 promotes the development of fibrosis and tumorigenesis in mice with defective 
hepatic autophagy. J Hepatol. 2014; 61(3):617–25. [PubMed: 24815875] 

208. Johansen T, Lamark T. Selective autophagy mediated by autophagic adapter proteins. Autophagy. 
2011; 7(3):279–96. [PubMed: 21189453] 

209. Kraft C, Peter M, Hofmann K. Selective autophagy: ubiquitin-mediated recognition and beyond. 
Nat Cell Biol. 2010; 12(9):836–41. [PubMed: 20811356] 

210. Birgisdottir AB, Lamark T, Johansen T. The LIR motif - crucial for selective autophagy. J Cell 
Sci. 2013; 126(Pt 15):3237–47. [PubMed: 23908376] 

211. Antonucci L, et al. Basal autophagy maintains pancreatic acinar cell homeostasis and protein 
synthesis and prevents ER stress. Proc Natl Acad Sci U S A. 2015; 112(45):E6166–74. [PubMed: 
26512112] 

212. Yang H, et al. Sequestosome-1/p62 is Associated with Autophagic Removal of Excess Hepatic 
Endoplasmic Reticulum in Mice. J Biol Chem. 2016

213. Tsuchiya M, et al. Depletion of autophagy receptor p62/SQSTM1 enhances the efficiency of gene 
delivery in mammalian cells. FEBS Lett. 2016

214. White E. Deconvoluting the context-dependent role for autophagy in cancer. Nat Rev Cancer. 
2012; 12(6):401–10. [PubMed: 22534666] 

215. White E. The role for autophagy in cancer. J Clin Invest. 2015; 125(1):42–6. [PubMed: 
25654549] 

216. Ziparo E, et al. Autophagy in prostate cancer and androgen suppression therapy. Int J Mol Sci. 
2013; 14(6):12090–106. [PubMed: 23743823] 

217. Edinger AL, Thompson CB. Defective autophagy leads to cancer. Cancer Cell. 2003; 4(6):422–4. 
[PubMed: 14706333] 

218. Kondo Y, et al. The role of autophagy in cancer development and response to therapy. Nat Rev 
Cancer. 2005; 5(9):726–34. [PubMed: 16148885] 

219. Qiang L, et al. Regulation of cell proliferation and migration by p62 through stabilization of 
Twist1. Proc Natl Acad Sci U S A. 2014; 111(25):9241–6. [PubMed: 24927592] 

220. Goodall ML, et al. The Autophagy Machinery Controls Cell Death Switching between Apoptosis 
and Necroptosis. Dev Cell. 2016; 37(4):337–49. [PubMed: 27219062] 

221. Matsumoto G, et al. Serine 403 phosphorylation of p62/SQSTM1 regulates selective autophagic 
clearance of ubiquitinated proteins. Mol Cell. 2011; 44(2):279–89. [PubMed: 22017874] 

222. Ro SH, et al. Sestrin2 promotes Unc-51-like kinase 1 mediated phosphorylation of p62/
sequestosome-1. FEBS J. 2014; 281(17):3816–27. [PubMed: 25040165] 

223. Pilli M, et al. TBK-1 promotes autophagy-mediated antimicrobial defense by controlling 
autophagosome maturation. Immunity. 2012; 37(2):223–34. [PubMed: 22921120] 

Taniguchi et al. Page 21

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



224. Lim J, et al. Proteotoxic stress induces phosphorylation of p62/SQSTM1 by ULK1 to regulate 
selective autophagic clearance of protein aggregates. PLoS Genet. 2015; 11(2):e1004987. 
[PubMed: 25723488] 

225. Xu H, et al. UNC51-like kinase 1 as a potential prognostic biomarker for hepatocellular 
carcinoma. Int J Clin Exp Pathol. 2013; 6(4):711–7. [PubMed: 23573318] 

226. Wang M, Kaufman RJ. The impact of the endoplasmic reticulum protein-folding environment on 
cancer development. Nat Rev Cancer. 2014; 14(9):581–97. [PubMed: 25145482] 

227. Cullinan SB, et al. Nrf2 is a direct PERK substrate and effector of PERK-dependent cell survival. 
Molecular and Cellular Biology. 2003; 23(20):7198–7209. [PubMed: 14517290] 

228. He CH, et al. Identification of activating transcription factor 4 (ATF4) as an Nrf2-interacting 
protein. Implication for heme oxygenase-1 gene regulation. J Biol Chem. 2001; 276(24):20858–
65. [PubMed: 11274184] 

229. B'Chir W, et al. The eIF2alpha/ATF4 pathway is essential for stress-induced autophagy gene 
expression. Nucleic Acids Res. 2013; 41(16):7683–99. [PubMed: 23804767] 

230. Han J, et al. ER-stress-induced transcriptional regulation increases protein synthesis leading to 
cell death. Nat Cell Biol. 2013; 15(5):481–90. [PubMed: 23624402] 

231. Shen Y, et al. The switch from ER stress-induced apoptosis to autophagy via ROS-mediated 
JNK/p62 signals: A survival mechanism in methotrexate-resistant choriocarcinoma cells. Exp 
Cell Res. 2015; 334(2):207–18. [PubMed: 25912909] 

232. Park HW, et al. Hepatoprotective role of Sestrin2 against chronic ER stress. Nat Commun. 2014; 
5:4233. [PubMed: 24947615] 

233. Saveljeva S, et al. Endoplasmic reticulum stress-mediated induction of SESTRIN 2 potentiates 
cell survival. Oncotarget. 2016

234. Cha-Molstad H, et al. Amino-terminal arginylation targets endoplasmic reticulum chaperone BiP 
for autophagy through p62 binding. Nat Cell Biol. 2015; 17(7):917–29. [PubMed: 26075355] 

235. Zatloukal K, et al. p62 is a common component of cytoplasmic inclusions in protein aggregation 
diseases. American Journal of Pathology. 2002; 160(1):255–263. [PubMed: 11786419] 

236. Yoshida H. ER stress and diseases. Febs Journal. 2007; 274(3):630–658. [PubMed: 17288551] 

237. Lindholm D, Wootz H, Korhonen L. ER stress and neurodegenerative diseases. Cell Death and 
Differentiation. 2006; 13(3):385–392. [PubMed: 16397584] 

238. DeJesus R, et al. Functional CRISPR screening identifies the ufmylation pathway as a regulator 
of SQSTM1/p62. Elife. 2016; 5

239. Miyagawa K, et al. Lipid-Induced Endoplasmic Reticulum Stress Impairs Selective Autophagy at 
the Step of Autophagosome-Lysosome Fusion in Hepatocytes. Am J Pathol. 2016

240. Fu S, et al. Aberrant lipid metabolism disrupts calcium homeostasis causing liver endoplasmic 
reticulum stress in obesity. Nature. 2011; 473(7348):528–31. [PubMed: 21532591] 

241. Ogata M, et al. Autophagy is activated for cell survival after endoplasmic reticulum stress. Mol 
Cell Biol. 2006; 26(24):9220–31. [PubMed: 17030611] 

242. Rashid HO, et al. ER stress: Autophagy induction, inhibition and selection. Autophagy. 2015; 
11(11):1956–1977. [PubMed: 26389781] 

243. Asselah T, et al. In vivo hepatic endoplasmic reticulum stress in patients with chronic hepatitis C. 
J Pathol. 2010; 221(3):264–74. [PubMed: 20527020] 

244. Ke PY, Chen SS. Activation of the unfolded protein response and autophagy after hepatitis C 
virus infection suppresses innate antiviral immunity in vitro. J Clin Invest. 2011; 121(1):37–56. 
[PubMed: 21135505] 

245. Ke PY, Chen SS. Hepatitis C virus and cellular stress response: implications to molecular 
pathogenesis of liver diseases. Viruses. 2012; 4(10):2251–90. [PubMed: 23202463] 

246. Chan SW. Unfolded protein response in hepatitis C virus infection. Front Microbiol. 2014; 5:233. 
[PubMed: 24904547] 

247. Tardif KD, Mori K, Siddiqui A. Hepatitis C virus subgenomic replicons induce endoplasmic 
reticulum stress activating an intracellular signaling pathway. J Virol. 2002; 76(15):7453–9. 
[PubMed: 12097557] 

Taniguchi et al. Page 22

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



248. Ke PY, Chen SS. Autophagy: a novel guardian of HCV against innate immune response. 
Autophagy. 2011; 7(5):533–5. [PubMed: 21242722] 

249. Medvedev R, Ploen D, Hildt E. HCV and Oxidative Stress: Implications for HCV Life Cycle and 
HCV-Associated Pathogenesis. Oxid Med Cell Longev. 2016; 2016:9012580. [PubMed: 
26955431] 

250. Yadav RK, et al. Endoplasmic reticulum stress and cancer. J Cancer Prev. 2014; 19(2):75–88. 
[PubMed: 25337575] 

251. Shuda M, et al. Activation of the ATF6, XBP1 and grp78 genes in human hepatocellular 
carcinoma: a possible involvement of the ER stress pathway in hepatocarcinogenesis. J Hepatol. 
2003; 38(5):605–14. [PubMed: 12713871] 

252. Nakagawa H, et al. ER stress cooperates with hypernutrition to trigger TNF-dependent 
spontaneous HCC development. Cancer Cell. 2014; 26(3):331–43. [PubMed: 25132496] 

253. Oakes SA, Papa FR. The role of endoplasmic reticulum stress in human pathology. Annu Rev 
Pathol. 2015; 10:173–94. [PubMed: 25387057] 

254. Toshima T, et al. Suppression of autophagy during liver regeneration impairs energy charge and 
hepatocyte senescence in mice. Hepatology. 2014; 60(1):290–300. [PubMed: 24668739] 

255. Ni HM, et al. Liver-specific loss of Atg5 causes persistent activation of Nrf2 and protects against 
acetaminophen-induced liver injury. Toxicol Sci. 2012; 127(2):438–50. [PubMed: 22491424] 

256. Kohler UA, et al. Activated Nrf2 impairs liver regeneration in mice by activation of genes 
involved in cell-cycle control and apoptosis. Hepatology. 2014; 60(2):670–8. [PubMed: 
24310875] 

257. Haga S, et al. p62/SQSTM1 plays a protective role in oxidative injury of steatotic liver in a mouse 
hepatectomy model. Antioxid Redox Signal. 2014; 21(18):2515–30. [PubMed: 24925527] 

258. Beyer TA, et al. Impaired liver regeneration in Nrf2 knockout mice: role of ROS-mediated 
insulin/IGF-1 resistance. EMBO J. 2008; 27(1):212–23. [PubMed: 18059474] 

259. Enomoto A, et al. High sensitivity of Nrf2 knockout mice to acetaminophen hepatotoxicity 
associated with decreased expression of ARE-regulated drug metabolizing enzymes and 
antioxidant genes. Toxicol Sci. 2001; 59(1):169–77. [PubMed: 11134556] 

260. Okawa H, et al. Hepatocyte-specific deletion of the keap1 gene activates Nrf2 and confers potent 
resistance against acute drug toxicity. Biochem Biophys Res Commun. 2006; 339(1):79–88. 
[PubMed: 16293230] 

261. Lee LY, et al. Cell-Specific Over-activation of Nrf2-mediated Gene Expression in Myeloid Cells 
Decreases Hepatic Ischemia Reperfusion Injury. Liver Transpl. 2016

262. Ni HM, et al. Removal of Acetaminophen-Protein Adducts by Autophagy Protects Against 
Acetaminophen-Induced Liver Injury in Mice. J Hepatol. 2016

263. Pan JA, et al. TRIM21 Ubiquitylates SQSTM1/p62 and Suppresses Protein Sequestration to 
Regulate Redox Homeostasis. Mol Cell. 2016; 61(5):720–33. [PubMed: 26942676] 

264. Bae SH, et al. Sestrins activate Nrf2 by promoting p62-dependent autophagic degradation of 
Keap1 and prevent oxidative liver damage. Cell Metab. 2013; 17(1):73–84. [PubMed: 23274085] 

265. Bettermann K, Hohensee T, Haybaeck J. Steatosis and steatohepatitis: complex disorders. Int J 
Mol Sci. 2014; 15(6):9924–44. [PubMed: 24897026] 

266. Wong RJ, Cheung R, Ahmed A. Nonalcoholic steatohepatitis is the most rapidly growing 
indication for liver transplantation in patients with hepatocellular carcinoma in the U.S. 
Hepatology. 2014; 59(6):2188–95. [PubMed: 24375711] 

267. Buzzetti E, Pinzani M, Tsochatzis EA. The multiple-hit pathogenesis of non-alcoholic fatty liver 
disease (NAFLD). Metabolism. 2016

268. Day CP, James OF. Steatohepatitis: a tale of two “hits”? Gastroenterology. 1998; 114(4):842–5. 
[PubMed: 9547102] 

269. Ashraf NU, Sheikh TA. Endoplasmic reticulum stress and Oxidative stress in the pathogenesis of 
Non-alcoholic fatty liver disease. Free Radic Res. 2015; 49(12):1405–18. [PubMed: 26223319] 

270. Sumida Y, et al. Involvement of free radicals and oxidative stress in NAFLD/NASH. Free Radic 
Res. 2013; 47(11):869–80. [PubMed: 24004441] 

Taniguchi et al. Page 23

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



271. Tariq Z, Green CJ, Hodson L. Are oxidative stress mechanisms the common denominator in the 
progression from hepatic steatosis towards non-alcoholic steatohepatitis (NASH)? Liver Int. 
2014; 34(7):e180–90. [PubMed: 24621397] 

272. Rolo AP, Teodoro JS, Palmeira CM. Role of oxidative stress in the pathogenesis of nonalcoholic 
steatohepatitis. Free Radic Biol Med. 2012; 52(1):59–69. [PubMed: 22064361] 

273. Koek GH, Liedorp PR, Bast A. The role of oxidative stress in non-alcoholic steatohepatitis. Clin 
Chim Acta. 2011; 412(15-16):1297–305. [PubMed: 21514287] 

274. Albano E, et al. Review article: role of oxidative stress in the progression of non-alcoholic 
steatosis. Aliment Pharmacol Ther. 2005; 22 Suppl 2:71–3. [PubMed: 16225478] 

275. Del Ben M, et al. NOX2-generated oxidative stress is associated with severity of ultrasound liver 
steatosis in patients with non-alcoholic fatty liver disease. BMC Gastroenterol. 2014; 14:81. 
[PubMed: 24758604] 

276. Wang M, Kaufman RJ. Protein misfolding in the endoplasmic reticulum as a conduit to human 
disease. Nature. 2016; 529(7586):326–35. [PubMed: 26791723] 

277. Pagliassotti MJ. Endoplasmic reticulum stress in nonalcoholic fatty liver disease. Annu Rev Nutr. 
2012; 32:17–33. [PubMed: 22809102] 

278. Zhou H, Liu R. ER stress and hepatic lipid metabolism. Front Genet. 2014; 5:112. [PubMed: 
24847353] 

279. Li J, et al. Accumulation of endoplasmic reticulum stress and lipogenesis in the liver through 
generational effects of high fat diets. J Hepatol. 2012; 56(4):900–7. [PubMed: 22173165] 

280. Peverill W, Powell LW, Skoien R. Evolving concepts in the pathogenesis of NASH: beyond 
steatosis and inflammation. Int J Mol Sci. 2014; 15(5):8591–638. [PubMed: 24830559] 

281. Anderson N, Borlak J. Molecular mechanisms and therapeutic targets in steatosis and 
steatohepatitis. Pharmacol Rev. 2008; 60(3):311–57. [PubMed: 18922966] 

282. Brunt EM. Histopathology of non-alcoholic fatty liver disease. Clin Liver Dis. 2009; 13(4):533–
44. [PubMed: 19818303] 

283. Czaja MJ. Function of Autophagy in Nonalcoholic Fatty Liver Disease. Dig Dis Sci. 2016; 61(5):
1304–13. [PubMed: 26725058] 

284. Lavallard VJ, Gual P. Autophagy and non-alcoholic fatty liver disease. Biomed Res Int. 2014; 
2014:120179. [PubMed: 25295245] 

285. Liu W, et al. Pathogenesis of nonalcoholic steatohepatitis. Cell Mol Life Sci. 2016; 73(10):1969–
87. [PubMed: 26894897] 

286. Kwanten WJ, et al. Role of autophagy in the pathophysiology of nonalcoholic fatty liver disease: 
a controversial issue. World J Gastroenterol. 2014; 20(23):7325–38. [PubMed: 24966603] 

287. Dong H, Czaja MJ. Regulation of lipid droplets by autophagy. Trends Endocrinol Metab. 2011; 
22(6):234–40. [PubMed: 21419642] 

288. Ward C, et al. Autophagy, lipophagy and lysosomal lipid storage disorders. Biochim Biophys 
Acta. 2016; 1861(4):269–84. [PubMed: 26778751] 

289. Lee SJ, et al. A functional role for the p62-ERK1 axis in the control of energy homeostasis and 
adipogenesis. EMBO Rep. 2010; 11(3):226–32. [PubMed: 20154642] 

290. Harada H, et al. Deficiency of p62/Sequestosome 1 causes hyperphagia due to leptin resistance in 
the brain. J Neurosci. 2013; 33(37):14767–77. [PubMed: 24027277] 

291. Muller TD, et al. p62 links beta-adrenergic input to mitochondrial function and thermogenesis. J 
Clin Invest. 2013; 123(1):469–78. [PubMed: 23257354] 

292. Chambel SS, Santos-Goncalves A, Duarte TL. The Dual Role of Nrf2 in Nonalcoholic Fatty Liver 
Disease: Regulation of Antioxidant Defenses and Hepatic Lipid Metabolism. Biomed Res Int. 
2015; 2015:597134. [PubMed: 26120584] 

293. Zhang YK, et al. Enhanced expression of Nrf2 in mice attenuates the fatty liver produced by a 
methionine- and choline-deficient diet. Toxicol Appl Pharmacol. 2010; 245(3):326–34. [PubMed: 
20350562] 

294. Yates MS, et al. Genetic versus chemoprotective activation of Nrf2 signaling: overlapping yet 
distinct gene expression profiles between Keap1 knockout and triterpenoid-treated mice. 
Carcinogenesis. 2009; 30(6):1024–31. [PubMed: 19386581] 

Taniguchi et al. Page 24

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



295. Kitteringham NR, et al. Proteomic analysis of Nrf2 deficient transgenic mice reveals cellular 
defence and lipid metabolism as primary Nrf2-dependent pathways in the liver. J Proteomics. 
2010; 73(8):1612–31. [PubMed: 20399915] 

296. Tanaka Y, et al. NF-E2-related factor 2 inhibits lipid accumulation and oxidative stress in mice fed 
a high-fat diet. J Pharmacol Exp Ther. 2008; 325(2):655–64. [PubMed: 18281592] 

297. Tanaka Y, et al. Dysregulated expression of fatty acid oxidation enzymes and iron-regulatory 
genes in livers of Nrf2-null mice. J Gastroenterol Hepatol. 2012; 27(11):1711–7. [PubMed: 
22591204] 

298. Okada K, et al. Deletion of Nrf2 leads to rapid progression of steatohepatitis in mice fed 
atherogenic plus high-fat diet. J Gastroenterol. 2013; 48(5):620–32. [PubMed: 22972520] 

299. Shin S, et al. Role of Nrf2 in prevention of high-fat diet-induced obesity by synthetic triterpenoid 
CDDO-imidazolide. Eur J Pharmacol. 2009; 620(1-3):138–44. [PubMed: 19698707] 

300. Slocum SL, et al. Keap1/Nrf2 pathway activation leads to a repressed hepatic gluconeogenic and 
lipogenic program in mice on a high-fat diet. Arch Biochem Biophys. 2016; 591:57–65. 
[PubMed: 26701603] 

301. Park JS, et al. Concerted action of p62 and Nrf2 protects cells from palmitic acid-induced 
lipotoxicity. Biochem Biophys Res Commun. 2015; 466(1):131–7. [PubMed: 26325428] 

302. Richieri GV, Kleinfeld AM. Unbound free fatty acid levels in human serum. J Lipid Res. 1995; 
36(2):229–40. [PubMed: 7751810] 

303. Joshi-Barve S, et al. Palmitic acid induces production of proinflammatory cytokine interleukin-8 
from hepatocytes. Hepatology. 2007; 46(3):823–30. [PubMed: 17680645] 

304. Moravcova A, et al. The effect of oleic and palmitic acid on induction of steatosis and 
cytotoxicity on rat hepatocytes in primary culture. Physiol Res. 2016; 64 Suppl 5:S627–36. 
[PubMed: 26674288] 

305. Chavez-Tapia NC, et al. Kinetics of the inflammatory response induced by free fatty acid 
accumulation in hepatocytes. Ann Hepatol. 2013; 13(1):113–20. [PubMed: 24378274] 

306. Xu W, et al. Upregulation of Nrf2 expression in non-alcoholic fatty liver and steatohepatitis. 
Hepatogastroenterology. 2011; 58(112):2077–80. [PubMed: 22024078] 

307. Meakin PJ, et al. Susceptibility of Nrf2-null mice to steatohepatitis and cirrhosis upon 
consumption of a high-fat diet is associated with oxidative stress, perturbation of the unfolded 
protein response, and disturbance in the expression of metabolic enzymes but not with insulin 
resistance. Mol Cell Biol. 2014; 34(17):3305–20. [PubMed: 24958099] 

308. Lee LY, et al. Activation of the Nrf2-ARE pathway in hepatocytes protects against steatosis in 
nutritionally induced non-alcoholic steatohepatitis in mice. Toxicol Sci. 2014; 142(2):361–74. 
[PubMed: 25294219] 

309. Sugimoto H, et al. Deletion of nuclear factor-E2-related factor-2 leads to rapid onset and 
progression of nutritional steatohepatitis in mice. Am J Physiol Gastrointest Liver Physiol. 2010; 
298(2):G283–94. [PubMed: 19926817] 

310. Chowdhry S, et al. Loss of Nrf2 markedly exacerbates nonalcoholic steatohepatitis. Free Radic 
Biol Med. 2010; 48(2):357–71. [PubMed: 19914374] 

311. Wang C, et al. Nrf2 deletion causes “benign” simple steatosis to develop into nonalcoholic 
steatohepatitis in mice fed a high-fat diet. Lipids Health Dis. 2013; 12:165. [PubMed: 24188280] 

312. Shimozono R, et al. Nrf2 activators attenuate the progression of nonalcoholic steatohepatitis-
related fibrosis in a dietary rat model. Mol Pharmacol. 2013; 84(1):62–70. [PubMed: 23592516] 

313. Xu Z, et al. Liver-specific inactivation of the Nrf1 gene in adult mouse leads to nonalcoholic 
steatohepatitis and hepatic neoplasia. Proc Natl Acad Sci U S A. 2005; 102(11):4120–5. 
[PubMed: 15738389] 

314. Geetha T, et al. Sequestosome 1/p62, a scaffolding protein, is a newly identified partner of IRS-1 
protein. J Biol Chem. 2012; 287(35):29672–8. [PubMed: 22761437] 

315. Popineau L, et al. A novel Grb14-mediated cross-talk between insulin and p62/Nrf2 pathways 
regulates liver lipogenesis and selective insulin resistance. Mol Cell Biol. 2016

316. Chen K, et al. Regulation of glucose metabolism by p62/SQSTM1 through HIF1alpha. J Cell Sci. 
2016; 129(4):817–30. [PubMed: 26743088] 

Taniguchi et al. Page 25

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



317. Zhang M, et al. Nrf2 is a potential prognostic marker and promotes proliferation and invasion in 
human hepatocellular carcinoma. BMC Cancer. 2015; 15:531. [PubMed: 26194347] 

318. Shibata T, Aburatani H. Exploration of liver cancer genomes. Nat Rev Gastroenterol Hepatol. 
2014; 11(6):340–9. [PubMed: 24473361] 

319. Nault JC, et al. Telomerase reverse transcriptase promoter mutation is an early somatic genetic 
alteration in the transformation of premalignant nodules in hepatocellular carcinoma on cirrhosis. 
Hepatology. 2014; 60(6):1983–92. [PubMed: 25123086] 

320. Zavattari P, et al. Nrf2, but not beta-catenin, mutation represents an early event in rat 
hepatocarcinogenesis. Hepatology. 2015; 62(3):851–62. [PubMed: 25783764] 

321. Puvirajesinghe TM, et al. Identification of p62/SQSTM1 as a component of non-canonical Wnt 
VANGL2-JNK signalling in breast cancer. Nat Commun. 2016; 7:10318. [PubMed: 26754771] 

322. Cai-Mc Rae X, Zhong H, Karantza V. Sequestosome 1/p62 facilitates HER2-induced mammary 
tumorigenesis through multiple signaling pathways. Oncogene. 2015; 34(23):2968–77. [PubMed: 
25088198] 

323. Zatloukal K, et al. From Mallory to Mallory-Denk bodies: what, how and why? Exp Cell Res. 
2007; 313(10):2033–49. [PubMed: 17531973] 

324. Hua F, et al. TRB3 links insulin/IGF to tumour promotion by interacting with p62 and impeding 
autophagic/proteasomal degradations. Nat Commun. 2015; 6:7951. [PubMed: 26268733] 

325. Wu Y, et al. Autophagy and mTORC1 regulate the stochastic phase of somatic cell 
reprogramming. Nat Cell Biol. 2015; 17(6):715–25. [PubMed: 25985393] 

326. Hawkins KE, et al. NRF2 Orchestrates the Metabolic Shift during Induced Pluripotent Stem Cell 
Reprogramming. Cell Rep. 2016; 14(8):1883–91. [PubMed: 26904936] 

327. Kowalik MA, et al. Metabolic reprogramming identifies the most aggressive lesions at early 
phases of hepatic carcinogenesis. Oncotarget. 2016

328. Yu Y, et al. Stimulation of somatic cell reprogramming by ERas-Akt-FoxO1 signaling axis. Stem 
Cells. 2014; 32(2):349–63. [PubMed: 23765875] 

329. Wang Y, et al. Autophagy Regulates Chromatin Ubiquitination in DNA Damage Response 
through Elimination of SQSTM1/p62. Mol Cell. 2016

330. Hewitt G, et al. SQSTM1/p62 mediates crosstalk between autophagy and the UPS in DNA repair. 
Autophagy. 2016:0. [PubMed: 27391408] 

Taniguchi et al. Page 26

FEBS Lett. Author manuscript; available in PMC 2017 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Schematic representation of p62 structure and functional organization
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Figure 2. (a-c) Pathways through which p62 promotes liver tumorigenesis (a, c) and regulates 
NASH (b)
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