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Summary

p62 is a ubiquitin-binding autophagy receptor and signaling protein that accumulates in
premalignant liver diseases and most hepatocellular carcinomas (HCC). Although p62 was
proposed to participate in formation of benign adenomas in autophagy-deficient livers, its role in
HCC initiation was not explored. Here we show that p62 is necessary and sufficient for HCC
induction in mice and that its high expression level in non-tumor human liver predicts rapid HCC
recurrence after curative ablation. High p62 expression is needed for activation of NRF2 and
mTORC1, induction of c-Myc and protection of HCC-initiating cells from oxidative stress-
induced death.
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Introduction

Despite extensive exploration, cancer initiation remains obscure. Most neoplasms form in
response to environmental carcinogens that induce cancer-initiating mutations (Luch, 2005).
In some cases, e.g. colorectal cancer, these mutations occur in rapidly dividing adult tissue
stem cells (van de Wetering et al., 2015), but in other cases, such as hepatocellular
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carcinoma (HCC), cancer likely emerges from terminally differentiated cells (Font-Burgada
et al., 2015). Since a typical cancer requires 2—-8 driver mutations (Mogelstein et al., 2013),
cancer-initiating cells should survive environmental insults, divide and give rise to a cluster
of initiated cells that remain insult resistant and thus capable of accumulating additional
mutations. However, how cancer-initiating cells escape death to keep accumulating driver
mutations has not been fully investigated.

A common malignancy linked to chronic tissue damage, stress and environmental
carcinogen exposure is HCC, most of which arise at the end stage of chronic liver disease
and persistent inflammation, with HBV or HCV infections being the current leading causes
(El-Serag, 2011). However, obesity and alcohol consumption, which cause hepatic steatosis
(non-alcohoalic steatohepatitis, NASH, or alcoholic steatohepatitis, ASH, respectively) and
fibrosis, are rapidly growing in their importance as HCC risk factors (Starley et al., 2010).
Mouse studies show that obesity promotes HCC through inflammation-related mechanisms
(Nakagawa et al., 2014; Park et al., 2010; Wolf et al., 2014), but it is unclear how diverse
forms of hepatitis and liver damage initiate HCC. Identification of a common pathogenic
pathway is important for early HCC detection and improved prevention.

The heterogeneous nature of HCC, in which over 28,000 different somatic mutations have
been identified (Schulze et al., 2015; Shibata and Aburatani, 2014), renders early detection
and prevention challenging. Most HCCs exhibit a median of 21 silent and 64 non-silent
mutations that affect 8—11 major signaling pathways and biological processes, including
cellular stress responses (Schulze et al., 2015; Shibata and Aburatani, 2014). Stress
responses are elicited by endoplasmic reticulum (ER) and oxidative stresses, viral hepatitis,
hemochromatosis, and ASH and NASH (Malhi and Kaufman, 2011; Starley et al., 2010),
and they control NASH to HCC progression in mice (Nakagawa et al., 2014). ER stress
enhances oxidative stress, which is relieved by nuclear factor erythroid 2 (NRF2) by
inducing expression of genes encoding antioxidant and detoxifying enzymes (Suzuki et al.,
2013). NRF2 is regulated post-translationally by the E3 ubiquitin ligase Keapl, which
induces NRF2 ubiquitination and proteasomal degradation. Upon accumulation of reactive
oxygen species (ROS) or electrophiles, Keapl is oxidized and unable to bind newly
translated NRF2, which is stabilized and enters the nucleus to activate genes harboring anti-
oxidant response elements (ARE). Because products of NRF2-regulated genes detoxify
electrophiles and promote glutathione (GSH) synthesis, transient activation of this system
was proposed to inhibit carcinogenesis in liver and other organs (Hayes and McMahon,
2009; Suzuki et al., 2013). Surprisingly, however, KEAPI inactivating mutations occur in
lung cancer and HCC (Ohta et al., 2008; Schulze et al., 2015; Totoki et al., 2014), and
activating mutations in the gene encoding NRF2, NFEZL 2, that inhibit Keapl-mediated
degradation were found in lung, esophageal, skin and liver cancers (Guichard et al., 2012;
Kim et al., 2010; Shibata et al., 2008). Together, NFEZL2and KEAPI mutations occur in
14% of HCC specimens and are considered to be driver mutations (Schulze et al., 2015;
Shibata and Aburatani, 2014; Totoki et al., 2014). NRF2 was proposed to contribute to liver
carcinogenesis by inhibiting senescence or death of initiated hepatocytes undergoing
oxidative stress (Hayes and McMahon, 2006), but direct support for this hypothesis, first
postulated by Farber (Farber, 1990), is lacking. Curiously, carcinogen-induced dysplastic
lesions in rats, known as foci of altered hepatocytes (FAH), express high amounts of
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glutathione S transferase P1 (Gstpl), NAD(P)H:quinone oxidoreductase 1 (Nqol) and other
protective enzymes (Farber, 1990), now known as NRF2 targets (Hayes and McMahon,
2009). As a result, FAH are probably more resistant to oxidative stress and environmental
toxins than the surrounding liver. Thus, antioxidants may promote rather than suppress HCC
development as previously found (Maeda et al., 2005). It was also questioned whether FAH,
also found in human cirrhotic and preneoplastic livers, are true HCC progenitors or reflect
compensatory proliferation triggered by liver damage (Sell and Leffert, 2008). We have
settled this controversy by isolating small hepatocytic cells from mouse dysplastic lesions
that give rise to HCC after transplantation into a damaged liver (He et al., 2013). In addition
to cancer stem cell markers, HCC progenitor cells (HcPC) exhibit elevated p62, which also
accumulates in livers of high fat diet (HFD)-fed MUP-uPA mice that develop NASH and
progress to HCC (Nakagawa et al., 2014). p62 is known to accumulate in most, if not all,
chronic liver diseases that progress to HCC (Denk et al., 2006).

p62, encoded by SQSTMI, is an autophagy adaptor and a signaling scaffold with an N-
terminal oligomerization domain (PB1) and a ubiquitin association domain (UBA) at its C-
terminus (Komatsu et al., 2012). p62 also harbors LC3 (LIR) and Keapl (KIR) interacting
motifs, through which it binds LC3 on phagophore membranes and cytoplasmic Keapl,
respectively. A main p62 function is to deliver polyubiquitinated proteins and organelles for
autophagosomal-lysosomal degradation. Interference with autophagic flux attenuates p62
degradation (Komatsu et al., 2012). The latter results in p62 accumulation and
oligomerization, aggregation of ubiquitinated proteins, Keap1 titration and NRF2
stabilization. As NRF2 can induce p62 expression (Jain et al., 2010), p62 accumulation can
trigger a self-amplifying auto-regulatory loop that sustains NRF2 activation and p62
overexpression. p62 also binds TRAF6 to promote NF-xB activation (Sanz et al., 2000), and
NF-xB can also induce p62 expression (Ling et al., 2012)Under nutrient-rich conditions, the
p62: TRAF6 interaction also enhances mTORCL activation (Duran et al., 2011; Linares et
al., 2013). Importantly, p62 is a major component of intracellular hyaline bodies (IHB),
Mallory-Denk bodies (MDB) and hybrid inclusions (Denk et al., 2006), which are hallmarks
of chronic liver diseases that greatly enhance HCC risk (Zatloukal et al., 2007). p62-
containing aggregates have been detected in 50% of surgical HCC specimens (Denk et al.,
2006), but their significance remains unknown. Of note, whole body p62 disruption
suppresses benign adenomas in autophagy-deficient livers (Takamura et al., 2011). These
tumors, however, are not cancerous and thus the role of p62 and its mechanism of action in
HCC initiation remain unknown although it was shown that p62 maintains malignancy of
HCC cell lines (Ichimura et al., 2013; Inami et al., 2011). p62 has been suggested to act as
an oncoprotein in renal cell carcinoma (RCC) by promoting mTORC1 activation (Li et al.,
2013), while other studies have suggested it acts via NF-xB or oxidative stress (Mathew et
al., 2009). p62 also accumulates in endometrial cancer (Iwadate et al., 2015). Yet, in no case
was it investigated whether p62 accumulation in a preneoplastic tissue increases risk of
cancer initiation.
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Results

p62 is induced by diethylnitrosamine (DEN) and enhances its carcinogenic activity

We confirmed p62 accumulation in human patients suffering from chronic liver diseases that
increase HCC risk, as well as HCC itself (Figure 1A). Consistent with this, in mice, p62 was
rapidly induced in liver after challenge with a high dose of DEN (100 mg/kg), mainly
around the central vein (Figure 1B), the area within which DEN undergoes metabolic
activation (Kang et al., 2007). A carcinogenic DEN dose (25 mg/kg) followed by HFD
feeding also led to p62 accumulation, but this time the process was slower and after 2—4
months only a few hepatocytic cell clusters were p62-high (Figures 1B and S1A). At later
time points p62-high cells were mainly restricted to tumor nodules and no differences in p62
expression were noted between mice given DEN alone or DEN plus HFD. To determine p62
role in hepatocarcinogenesis we generated Sgstm2heP mice lacking p62 in hepatocytes
(Figure S1B). Immunoblot (IB) analysis revealed complete absence of p62 protein and
gPCR analysis showed reduced AMgoZ mRNA induction after DEN challenge (Figures 1C
and S1C). The Sgstm12neP liver, however, was phenotypically normal and did not display
any damage (Figure 1D). Two week old SgstmI2eP males given DEN alone or DEN plus
HFD (Park et al., 2010) developed 55% fewer HCCs than similarly treated SgstmIF/F mice
(Figures 1E and S1D). Maximal tumor size, however, remained unchanged; suggesting that
p62 mainly affects tumor initiation rather than growth. p62-deficient HCCs expressed less a-
fetoprotein (AFP) than p62-proficient HCCs, but glypican 3 (GPC3) remained unchanged
(Figures 1F and S1E), suggesting that p62-deficient tumors contain fewer poorly
differentiated cells. All DEN-induced tumors were histologically typical HCCs, as
previously found (Maeda et al., 2005). IB analysis confirmed that most HCCs in Sgstm1F/F
mice displayed high p62 expression, which was also seen in non-tumor areas (Figure 1G).
p62 expression generally correlated with NRF2 stabilization and elevated Ngol expression
(Figure 1G and S1F). p62-deficient tumors expressed much less NRF2-dependent or Ngol
(Figures 1G and S1E and S1F). p62 deletion reduced tumoral expression of NRF2 targets,
including Hmox1, Gstm1 and Ngol (Figure S1F). c-Myc expression, which is frequently
elevated in HCC (Kaposi-Novak et al., 2009; Qu et al., 2014), also correlated with elevated
p62 (Figure 1G).

p62 is required for HCC initiation in Tsc14MeP mice

7sc22MeP male mice, in which hepatocyte mTORCL is constitutively activated, exhibit
spontaneous HCC development preceded by fibrosis, liver damage and p62 accumulation
(Menon et al., 2012). mTORCL activation, however, is dispensable for DEN-induced HCC;
in fact RptorA"eP mice exhibit enhanced HCC development (Umemura et al., 2014). To
determine if p62 participates in mTORC1-driven hepatocarcinogenesis, we generated
Tsc18eP mice, which developed typical HCCs as described above, and crossed them with
Sgstm1°MeP mice to generate 7sc1/SgstmIfeP double mutants (Figures 2A and S2A). p62
ablation did not restore LC3 lipidation but reduced p70S6 kinase (S6K) phosphorylation.
Remarkably, liver-specific p62 ablation completely suppressed HCC development (Figure
2B). As expected, p62 was upregulated in non-tumor and tumor areas of 7scZANeP liver and
its upregulation correlated with enhanced NRF2, c-Myc and NRF2 target gene expression
(Figures 2C and 2D). p62 ablation in 7scZ2P liver reduced S6K and S6 phosphorylation,
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suggesting decreased mMTORC1 activity (Figures 2A and 2C and S2B). However, restoration
of AKT phosphorylation, which is inhibited upon S6K activation (Hay and Sonenberg,
2004) was variable (Figures 2A and 2C). p62 ablation reduced expression of fibrogenic
genes and the YAP targets connective tissue growth factor (Ctgf) and amphiregulin (Areg),
which are upregulated in the 75cZ2P liver (Figure 2D). Inflammation and fibrotic changes
were also reduced in the 75c1/SgstmI®MeP liver relative to 7scZAMeP livers (Figure S2B). Of
note, p62 ablation reduced the abundance of ROS-accumulating cells that are stained by
dihydroethidine (DHE; Figure S2B). Consistent with increased S6K activation, 7scz2ep
HCCs exhibited elevated S6 phosphorylation and c-Myc (Figure S2C).

p62 accelerates NASH to HCC progression

Hypernutrition activates mTORC1 resulting in inhibitory ULK1/2 phosphorylation, reduced
autophagic flux and p62 accumulation (Schneider and Cuervo, 2014). We developed a new
mouse model of NASH-driven HCC by feeding MUP-uPA mice with HFD, which induces
p62 accumulation in non-tumor liver and HCCs (Nakagawa et al., 2014). Surprisingly, HFD
feeding to WT B6 mice, which do not develop NASH or HCC, did not induce p62
accumulation (Figure 3A). In contrast, HFD induced strong p62 expression in MUP-uPA
mice (Figure 3A), suggesting that p62 accumulation is tightly linked to NASH and HCC
development. To probe the pathogenic role of p62, we crossed MUP-uPA and Sgstrm12her
(Sgstm12"eP/MUP) mice and placed male progeny on HFD. Although p62 ablation did not
decrease liver lipid droplets or triglycerides, it led to reduced fibrosis and nearly complete
absence of cells that accumulate superoxides, that are DHE positive (Figures 3B-3D).
Notably, p62 ablation substantially suppressed HCC development (Figure 3E). Both tumor
number and maximal size were reduced in Sgstm2MeP/MUP mice, and no p62 expression
was seen in remaining tumors (Figure 3B).

NASH development and HCC progression is also seen in the STZ-HFD model, based on
induction of type | diabetes (B cell destruction) with streptozotocin (STZ) followed by HFD
feeding (Kawai et al., 2012). STZ-HFD mice develop HCC, whose histological features
were similar to HCC in MUP-uPA mice including p62 accumulation. Although p62 deletion
in the STZ-HFD model did not suppress fibrosis, steatosis or triglyceride accumulation, it
strongly suppressed HCC development (Figures S3A-D).

Ectopic p62 expression induces HCC

We examined whether ectopic p62 expression can induce HCC without carcinogen
administration, hypernutrition or deliberate tissue injury. We generated plasmid vectors
expressing GFP and Flag-tagged p62 proteins, either full-length (FL), KIR-deficient (KIR™)
or UBA-deleted (AUBA) (Figure 4A). Transfected mouse hepatocytes exhibited efficient
expression of all 3 p62 variants (Figures 4B and 4C). Whereas p62 FL and p62 KIR™ formed
aggregates, the AUBA construct did not (Figure 4C). p62 FL and p62 AUBA, but not p62
KIR™, induced endogenous NRF2 targets, including Ngo and HmoxI (Figures 4B and
S4A). We transferred the different constructs into adeno-associated virus (AAV) 8 vectors,
which exhibit strong liver tropism and stably express ectopic proteins and confirmed that
GFP was efficiently expressed in hepatocytes for at least 12 months after AAV infection
(Figure S4B). Ectopic p62 was expressed in cells expressing the Flag epitope (Figure S4C).
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Notably, p62 FL and p62 AUBA induced tumors with either steatotic or typical HCC
morphologies at 12 months after infection of WT male mice (Figures 4D and S4D). Tumor
multiplicity was 50% of that seen in HFD-fed MUP-uPA mice. No significant differences
between tumor multiplicity were observed between p62 FL and p62 AUBA infected mice,
although tumaors in the latter were somewhat smaller, and no tumors were observed in mice
receiving p62 KIR™ (Figure 4D). Only one mouse infected with AAV-GFP and kept on HFD
developed a tumor at 12 months. Although AAV injection into mice was reported to induce
occasional liver tumors, these tumors were found at 14 to 25 months post-infection
(Chandler et al., 2015), well beyond the time point at which we examined our mice. Some
p62-induced tumors exhibited lipid droplets, ballooning deformity, and MDB, which are
common features of steatohepatitic HCCs (Figure S4D). All p62-induced HCCs expressed
exogenous and endogenous p62 and Flag epitope, together with elevated NRF2 and Ngol
(Figure 4E). S6K phosphorylation and c-Myc were elevated, but the LC3-11:LC3-I ratio
remained high (Figure 4E). This was markedly different from Azg72MeP liver in which p62
was strongly induced and autophagy was completely blocked, but phospho-S6K was not
elevated. p62-induced tumors were positive for HCC markers, including GPC3, AFP, and
YAP (Figures 4F and S4E). These tumors also included a small number of Sox9 positive
cells. Tumor nodules were positive for p62 and the Flag epitope, as well as phospho-S6, but
were negative for nuclear RelA (Figures 4F and S4E).

Liver p62 controls NRF2 and mTORC1/c-Myc signaling

We performed RNAseq on SgstmI2eP and SgstmiF/F livers to identify differentially
expressed genes and signaling pathways that are strongly influenced by p62. Ingenuity
Pathway Analysis (IPA) revealed that the NRF2-mediated oxidative stress response was the
highest-ranking downregulated pathway in the SgstmI2heP liver (Figure 5A). Heatmap
depiction shows downregulated “NRF2-mediated Oxidative Stress Response” related genes,
including Cbri, Gstm5, Abced, Ngol and Gpx2in SgstmI®eP liver (Figure 5B). qPCR
analysis of additional NRF2 genes revealed marked reduction of this pathway (Figure S5A).
The products of these genes are involved in glutathione metabolism, antioxidant defenses
and electrophile detoxification. c-Fos which was implicated as a key contributor to HCC
pathogenesis (Min et al., 2012), was also downregulated in SgstmI2eP liver. We conducted
similar analyses on 7scZ2eP and 7sc1/SgstmIAneP livers. Again, p62 ablation reduced
expression of NRF2-regulated genes (Figure 5C). In this case, however, GSEA of RNAseq
data indicated that p62 ablation also reduced expression of c-Myc- and mTORC1-responsive
genes (Figures 5D and 5E), in agreement with its effects on S6K phosphorylation and c-Myc
expression.

We also investigated SQSTMI mRNA expression in different HCC datasets (Oncomine and
TCGA), 6 of which showed higher SOQSTMI mRNA in HCC than in normal tissue (Figure
S5B). We chose the largest and most completely annotated TCGA dataset and performed
GSEA of correlation profiles. Analyses with the C3 compilation of MsigDB revealed that
among genes directly correlated with SQSTM, there is a striking enrichment for genes
controlled by NRF2, including a strong positive correlation with NQOZ (Figure S5C-E).
Further analysis of TCGA dataset revealed a significant tendency towards co-occurrence
between SQSTMI overexpression and NQOI and GPX2 (Figure S5F). GSEA of these data
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also revealed good correlation between SQSTMI and MYC- and mTORCL1-responsive
genes (Figures S5G and S5H). Furthermore, silencing of p62 in an established human HCC
cell line, confirmed the relationship between elevated SQS7MZ and increased MYC and
NQOLI expression and S6K phosphorylation (Figures S51 and S5J).

p62 accumulation correlates with HCC recurrence

We investigated the relationship between p62 accumulation and human HCC risk by
analyzing non-tumor liver tissue of early stage HCC patients undergoing curative ablation.
The results were graded from 0 to 3 depending on average number of p62-positive
aggregates per field (Figure 6A). Remarkably, 79 out of 121 specimens were p62 positive.
We next analyzed disease-free survival (in years) in the same patients (Figure 6B). Disease-
free survival was much worse in patients with high-grade p62 in non-tumor liver than
patients with low or no p62 staining. Moreover, the p62 staining index positively correlated
with fibrosis score and liver stiffness assessed by histology and transient elastography,
respectively (Figure 6C). These results suggest that p62 is a useful biomarker for risk of
HCC recurrence that can be used to identify patients who should be closely monitored after
curative HCC ablation. Kaplan-Meier survival analysis of patients stratified according to
SQSTM1 expression, whose data was included in the Oncomine and TCGA datasets,
revealed that high SOQSTM1 expression correlated with significantly worse patient survival
(Figures S6A and S6B).

Discussion

Cancer often develops in tissues, such as liver, with very low inherent cell division rates.
Injury and inflammation promote such cancers by enhancing proliferation of initiated cells
(Finkin et al., 2015; Grivennikov et al., 2010; Kuraishy et al., 2011), but mechanisms that
increase cancer risk and operate prior to acquisition of oncogenic mutations are obscure. It is
not even clear how the progeny of a single initiated cell can acquire multiple mutations
needed for malignant transformation. Studying HCC, a cancer that most likely originates
from differentiated hepatocytes (Font-Burgada et al., 2015), we find that accumulation of
p62, a marker of chronic liver disease (Denk et al., 2006), is an early event that sets up a
“field effect” within which HCC evolves. “Field cancerization” is a poorly understood
process that occurs prior to emergence of neoplasia, during which a histologically invisible
change renders part of a tissue highly likely to develop malignant tumors (Rubin, 2011). We
show that p62 accumulation precedes HCC development in mice and humans and suggest it
is responsible for increasing cancer risk by supporting survival and accumulation of ROS-
containing HcPC, the cells in which HCC-driver mutations occur.

Although p62 was upregulated in autophagy-deficient livers and p62 ablation attenuated the
genesis of benign hepatic adenomas (Takamura et al., 2011) and inhibited proliferation and
growth of established HCC cell lines (Ichimura et al., 2013; Inami et al., 2011), the role of
p62 in HCC initiation within a pre-cancerous liver was not investigated. We now show that
in human patients with early HCC p62 accumulation in non-tumor liver correlates with
much faster post-therapeutic recurrence and reduced disease-free survival. Hence, patients
with high p62 expression in non-tumor tissue need closer surveillance and additional
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intervention. Using four distinct mouse HCC models of different etiologies, we show that
p62 is needed for initiation of malignant tumors with classical HCC features. The most
dramatic dependence on p62 was exhibited by 7scZ2MeP mice, in which HCC development
depends on mTORC1 (Menon et al., 2012), which is also activated by hypernutrition,
causing attenuation of autophagy and p62 accumulation (Schneider and Cuervo, 2014).
Nonetheless, HFD feeding causes p62 accumulation in MUP-uPA and STZ but not in WT
mice, and is not linked to the development of steatotic changes. Rather, p62 is strictly
required for NASH to HCC progression. Our results also indicate that p62 accumulation can
initiate HCC development, suggesting it is a critical pre-neoplastic event that leads to non-
mutational activation of three important cancer drivers: NRF2, mTORCL1 and c-Myc.

Pathogenic p62 accumulation in premalignant liver tissue is regulated transcriptionally and
post-transcriptionally. The major activators of p62 transcription NRF2 and NF-«xB (Jain et
al., 2010; Ling et al., 2012) are activated during chronic liver inflammation and oxidative
stress (Figure 7). In turn, p62 can activate NF-xB (Sanz et al., 2000) and NRF2 (Ichimura et
al., 2013), constituting two self-amplifying autoregulatory loops. In our experimental
system, exogenous p62 activated NRF2 and this may have induced endogenous p62, thereby
explaining preferential p62 accumulation within tumor nodules. Even when initial p62
expression is relatively uniform, small fluctuations can generate foci of high p62
concentrations. Given the ability of p62 to activate NRF2, these are probably the
preneoplastic foci previously detected by virtue of Ngol or Gstpl (a marker of rat, but not
mouse, FAH) expression (Farber, 1990; Hayes and McMahon, 2006).

Elevated SQSTMI mRNA is insufficient for formation of p62-containng aggregates,
because a major factor that dictates p62 protein amounts is autosomal-lysosomal proteolysis
(Komatsu et al., 2012). Dramatic p62 upregulation is seen after ATG5 or ATG7 ablation,
although the complete absence of either protein in the liver prevents malignant HCC
development. Therefore, only partial inhibition of autophagy is compatible with progression
of p62-expressing FAH to malignant HCC. Such conditions occur during NASH
development or in 7scZ2"eP mice, where autophagy is partially inhibited due to mTORC1
activation. However, modest mTORC1 activation induced by HFD feeding does not cause
p62 accumulation and malignant progression. Other conditions that lead to p62
accumulation are inflammation and oxidative stress (Figure 7), which are general features of
chronic liver disease along with reduced autophagic flux (Czaja, 2011; Schneider and
Cuervo, 2014).

Previous work attributed pro-tumorigenic p62 activity to mTORC1 (Li et al., 2013; Linares
et al., 2015). Elevated S6K phosphorylation, indicative of mMTORCL activation, is also seen
in HCC nodules induced by ectopic p62, whereas p62 ablation in 7scZ2"eP mice reduces
S6K phosphorylation. However, AKT T308 or S473 phosphorylation, which is suppressed
upon S6K activation, is only weakly and inconsistently restored by p62 ablation, suggesting
that other signaling pathways contribute to hepatic insulin resistance. One likely contributor
is the INK pathway, which is activated during HCC development (Nakagawa et al., 2014;
Sakurai et al., 2006) and inhibits insulin-activated AKT (Solinas et al., 2006). These data
support the notion that p62-dependent liver tumorigenesis may be mediated in part via
mMTORCL1. Dependence on mTORCL1, however, does not apply to the DEN model, where
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Raptor ablation enhances, rather than suppresses, HCC development (Umemura et al.,
2014). Another oncogenic mediator induced by p62 is c-Myc, a known player in HCC
development (Shibata and Aburatani, 2014). As seen with p70S6, c-Myc expression and
activity in mouse and human HCC correlates with p62 and is decreased upon its ablation,
results that support earlier findings regarding the ability of p62-mTORCL1 signaling to
induce c-Myc (Valencia et al., 2014).

Another critical mediator of p62-induced hepatocarcinogenesis is NRF2 whose activation by
p62 depends on Keapl binding. A point mutation in the p62 KIR domain, which prevents
Keapl binding (Suzuki et al., 2013), blocks NRF2 activation and abolishes p62 oncogenic
activity. Importantly, NRF2 is mutationally activated in approximately 14% of human HCCs
(Schulze et al., 2015; Shibata and Aburatani, 2014). NRF2 is also mutationally activated also
in chemically-induced HCC in rats, where Nfe2I2(Nrf2) or Keapl mutations occur in 70%
of early lesions (Zavattari et al., 2015). Given the dependence of NRF2 activation on p62 in
the models we studied, the main driver of NRF2 activation in mouse HCC and human
HepG2 cells is p62 rather than mutations. Furthermore, no NRF2or KEAPI mutations were
observed in human dysplastic lesions (Nault et al., 2014). NRF2 ablation in Azg5"eP mice
inhibits development of adenomas (Ni et al., 2014), but these are benign tumors that emerge
in autophagy-deficient livers and their relationship to HCC is questionable.

NRF2 activation and upregulation of its targets are common in human and rodent HCCs,
where they occur in the majority of FAH/dysplastic lesions (Farber, 1990; Hayes and
McMahon, 2006). It was proposed, but never proven, that NRF2 activation and consequent
induction of antioxidant and detoxifying enzymes allow these lesions to survive in
chronically stressed livers, where ROS accumulation is readily detected (Nakagawa et al.,
2014; Sakurai et al., 2008). Curiously, however, chronic upregulation of these protective
enzymes does not inhibit ROS-mediated mutagenesis, as human HCCs contain multiple
mutations in addition to those that activate NRF2. On the contrary, persistent NRF2
activation promotes survival of HcPC and allows them to accumulate additional mutations.
Congruent with this notion, we find that p62 is required for survival of hepatocytes that
accumulate high amounts of superoxides and stain positively with DHE. Although p62
ablation reduces expression of antioxidant enzymes, it decreases rather than increases the
number of DHE-positive, ROS-containing cells. Most likely, without NRF2-dependent
defenses, cells undergoing extensive ROS accumulation die and cannot serve as HCC
progenitors. Although exogenous p62 may function by inducing endogenous p62, both this
function and activation of the antioxidant response require a functional KIR domain. NRF2
was suggested to induce metabolic reprogramming that favors cell proliferation (DeNicola et
al., 2015; Mitsuishi et al., 2012). However, this effect was mainly detected in cancer cell
lines that exhibit sustained AKT activation, which is certainly not the case in livers of
Tsc18eP or HFD-fed MUP-uPA and STZ-HFD mice, where AKT is not activated due to
hepatic insulin resistance.

Nonetheless, constitutive activation of liver NRF2 does not induce HCC (Kohler et al.,
2014). It is plausible that NRF2 only increases HCC risk in the presence of activated
mTORC1, as occurs in 7scI2eP livers and during NASH-driven HCC development.
Although NRF2 induces Sgstm1 transcription and p62 activates NRF2 (Figure 7), the latter
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effect requires p62 phosphorylation by mTORCL1 (Ichimura et al., 2013). Future experiments
should examine the role of this phosphorylation event in p62-induced tumorigenesis. The
ability of p62 to oligomerize and aggregate ubiquitinated proteins was suggested to promote
tumorigenesis by inducing oxidative stress (Mathew et al., 2009) and p62 ablation in

Atg AP liver was reported to reduce oxidative stress (Komatsu et al., 2007), results that are
not entirely consistent with our current understanding of p62 importance in maintaining liver
antioxidant defenses..

Our results illustrate the existence of a common pathway through which diverse etiological
factors, including HBV and HCV infections, NASH and ASH trigger premalignant changes
that progress to HCC by inducing p62 accumulation and subsequent NRF2, mTORC1 and c-
Myec activation. The p62-Keap1-NRF2 pathway allows HcPC with high ROS content to
survive in the chronically stressed liver environment and accumulate numerous mutations
that commit them to the malignant fate under conditions where the metabolic and
proliferative functions of mMTORC1 and c-Myc are also activated. Elevated p62 in human
liver predicts rapid recurrence of resectable HCC. Thus, small molecules that interfere with
p62 binding to Keapl and/or TRAF6, which is needed for mTORC1 activation, may be
useful for preventing progression of chronic liver disease to HCC as well as attenuate
recurrence of resectable HCC.

Experimental Procedures

Mice

SgstmIFF and Tsc1F/F mice (Mori et al., 2009; Muller et al., 2013) were backcrossed to
C57BL/6 mice for at least 7 generations, and then bred with A/b-Cre mice (also C57BL/6)
to generate SgstmI/F; Alb-Cre (Sgstm1feP) and Tsci/F; Alb-Cre (TscI2MeP) mice,
respectively. SgstmI2heP mice were crossed to 7scZ2MeP and MUP-UPA mice to generate
Tsc1/SgstmIReP and SgstmIANeP/MUP mice, respectively. All studies used male mice, and
were in accordance with NIH guidelines and approved by the UCSD Institutional Animal
Care and Use Committee. Mice were maintained in filter-topped cages on autoclaved chow
diet (low-fat diet; LFD, composed of 12% fat, 23% protein, 65% carbohydrates based on
caloric content) or high-fat diet (HFD, composed of 59% fat, 15% protein, 26%
carbohydrates based on caloric content; Bio-Serv) and water.

Human Liver Samples

Human tissue specimens were retrospectively obtained from liver biopsies or liver
resections, and fixed in buffered formalin and embedded in paraffin using standard methods.
Corresponding clinical data were obtained from medical records and de-identified. The
study was approved by the institutional review board and research and development
committees of the University of Tokyo and Kyoto Prefectural University of Medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

p62 is the main component of Mallory Denk Bodies (MDB) and hyaline granules that are
present in the majority of premalignant liver diseases and HCC. Our results indicate that
p62 accumulation is required for progression from premalignancy to malignancy, most
likely by preventing oxidative stress-induced death of HCC-initiating cells, thereby
allowing such cells to accumulate multiple oncogenic mutations. Hepatocyte-specific p62
expression promotes c-Myc induction and NRF2 and mTORC1 activation. Therefore,
p62 levels serve as a strong prognostic indicator of rapid HCC recurrence after curative
ablation.
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Highlights

p62 in preneoplastic lesions is important for HCC development regardless
of etiology.

Ectopic p62 expression is sufficient for HCC induction in autophagy-
competent liver.

p62 exerts its oncogenic activity via NRF2 and mTORC1 but not via
ubiquitin binding.

p62 promotes survival and expansion of ROS-containing HCC initiating
cells.
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Figure 1. Diminished DEN-induced hepatocarcinogenesis in qutmlAheP mice
(A) p62-positive aggregates in human LC/HCC (liver cirrhosissfHCC), NASH, and ASH

specimens (n=3). (B) Left: rapid p62 induction in mouse livers (n=3) after high dose DEN
(100 mg/kg of body weight, BW). Right: chronic p62 expression in mouse livers (n=3) after
low dose DEN (25 mg/kg BW) and HFD feeding. (C) NgoI liver mRNA expression 48 hr
after DEN injection analyzed by qPCR. Results are mean + S.D. (n=3). (D) Hematoxylin
and eosin (H&E) staining of SgstmIF/F and Sgstm12heP livers (n=4). (E) Gross appearance,
tumor multiplicity and maximal sizes of DEN-induced HCCs. Results are mean + S.E.M.
(n=11-13). (F) Relative mRNA amounts of HCC and progenitor markers as well as Sgstm1
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in tumors from DEN-injected mice. Results are mean + S.D. (n=4). (G) IB analysis of p62,
nuclear NRF2, HDAC1, Nqol, c-Myc, and tubulin in tumor (T) and non-tumor (NT) liver
tissue from DEN-injected mice (n=5-6). Scale bars, 100 um. **: p < 0.01, ***: p < 0.001.
See also Figure S1.
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Figure 2. p62 ablation blocks HCC development in Tsc12MeP mice
(A) IB analysis of liver tissues from indicated mice (n=4-6). n.s., nonspecific band. (B)

Upper panel: gross liver morphology of 10 month old male mice of indicated genotypes.
Lower panel: tumor numbers and maximal sizes. (n=12-16). Results are mean + S.E.M. (C)
IB analysis and quantitation of protein expression and phosphorylation in tumor (T) and
non-tumor (NT) liver tissue. Results are mean = S.D. (n=3-4). (D) gPCR analysis of relative
MRNA levels of Sgstm1, NRF2 targets (Ngol, Gstm1, HmoxI), fibrogenic markers
(Col1A1, Col4A1, ActaZ, Timpl) and YAP targets (Ctgfand Areg) in livers of 10 month old
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mice. (n=3-4 per genotype). Results are mean + S.D. *p < 0.05, **p < 0.01, ***p < 0.001.
See also Figure S2.
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Figure 3. p62 ablation prevents HCC development but not steatosis in MUP-uPA mice
(A) IB analysis of liver tissue lysates from BL6 (WT) and MUP-uPA mice of indicated ages

kept on LFD or HFD. (n=2-3). (B) Histochemistry of livers from 5 month old mice kept on
HFD. Lower panel shows p62 staining in tumors of 10 month old mice on HFD. Arrows
indicate tumor portion. Scale bars, 100 um. Graphs indicate % areas occupied by stained
cells. Results are mean + S.D. (n=3-5). (C) Liver triglyceride (TG) content of 5 month old
mice on HFD. Results are mean + S.D. (n=4). (D) Relative mMRNA amounts of fibrogenic
markers in mice of indicated genotypes. Results are mean + S.D. (n=4) (E) Gross liver
morphology (upper), and tumor numbers and maximal sizes (lower) in 10 month old mice
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kept on HFD. Results are mean + S.E.M. (n=7-11). *p < 0.05, **p < 0.01, ***p < 0.001.
See also Figure S3.
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Figure 4. Ectopic p62 expression induces HCC
(A) Schematic representation of p62 constructs (FL: full-length p62; KIR™: KIR mutated

p62; AUBA: UBA-deleted p62. Control: Flag-only). (B) IB analysis of Flag, p62 and Nqol
in murine hepatocytes transfected with plasmid expressing p62 or its variants. (n=3). (C)
Expression patterns of p62 constructs in mouse hepatocytes analyzed by IF microscopy (left
panel: Blue, DAPI; Green, p62; Red, Flag; Scale bars, 10 um). Higher magnification of
Flag-positive aggregates (right panel). Representative images of three independent
experiments are shown. (D) Representative images of tumor-bearing livers from 12 month
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old mice infected with indicated AAV8 vectors and kept on either low fat (LFD) or high fat
(HFD) diet. Tumor numbers and maximal sizes are shown to the right. p62 FL (n=13); p62
AUBA p62 (n=11); p62 KIR™ (5 mice were infected, but only 2 were of same BL6 genotype
as other mice in this figure); Control (n=10). Data are mean + S.E.M. n.s., not significant.
(E) 1B analysis of lysates from BL6 and Afg2"eP livers, three p62-induced HCCs (#1 from
LFD and #2 and #3 from HFD), and p62 FL infected mouse hepatocytes (NT). Endo,
endogenous p62. (F) IHC analysis of p62-induced HCCs. (n=5). (Scale bars, 100 pm). *p <
0.05, **p < 0.01, ****p < 0.0001. See also Figure S4.
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Figure 5. p62-dependence of the NRF2-induced antioxidant response and mTORC1 signaling
(A) Ingenuity Pathway Analysis of genes differentially represented in RNAseq data from

Sgstm18hep vs, SgstmIF/F livers (n=3). Top canonical pathways are ranked by —log (p value)
with threshold p value=0.05. Highest-ranking categories are displayed along the x axis in a
decreased order of significance. Blue bars: pathways with z-score<0 (downregulated
pathways); grey bars: no activity pattern available, white bars: z-score=0. (B) Heatmap
representation of downregulated genes in SgstmI2NeP relative to SgstmIF/F livers (n=3)
associated with “NRF2-mediated Oxidative Stress Response” including Log,FC and
adjusted p value. (C) Heatmap representation of downregulated genes in 7sc1/SgstmI12her
relative to 75cZ2"eP livers (n=3) including Log,FC and adjusted p value. (D) GSEA analysis
showing that p62 ablation abrogates mTORC1 signaling and reduces expression of c-Myc
targets that are induced upon TSC1 ablation. Top-five hallmark genesets sorted by NES
comparing 7sc1/SgstmIAneP vs TscI2eP mice (n=3). In red, genesets related to c-Myc and
mTORCL1. (E) Enrichment graph of mTORC1_SIGNALING dataset (n=3). See also Figure
S5.
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Figure 6. p62-positive aggregates in human livers correlate with HCC recurrence after curative
ablation

(A) Representative images of p62 IHC of non-tumor liver biopsies from human patients with
resectable HCC. Biopsies were collected when HCCs were treated curatively. Staining
patterns were categorized into four grades (G0-G3) based on number of p62-positive
aggregates (Scale bars, 100 um). (B) Disease free survival curves of all 4 groups (upper
panel), and GO-2 vs G3 groups (lower panel). (C) Correlation between p62 expression and
fibrotic changes in background liver from above HCC patients were analyzed by histological
assessment (left panel) and fibroscan (right panel). Box-and-whisker plots showing median
(horizontal line), interquartile range (box) and 10th-90th percentiles (whiskers) of the data.
Dots indicate outliers. Data of liver stiffness (right panel) were not available in some
patients: GO (n=32), G1 (n=41), G2 (n=22) and G3 (n=8). See also Figure S6.
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Figure 7. p62 expression and signaling during HCC development
p62 gene transcription is induced by NRF2 and NF-kB, which are activated by oxidative

stress and inflammation, respectively. Newly synthesized p62 protein binds ubiquitinated
proteins and organelles and LC3 on phagophore membranes to promote autophagy and
lysosomal degradation. mMTORC1 activation and ER stress promote p62 accumulation by
interfering with initiation of autophagy, whereas alcohol and HCV affect p62 by interfering
with termination of autophagy and can also lead to IKK/NF-xB activation. Once p62
accumulates it leads to IKK/NF-xB activation via TRAF6 binding and NRF2 activation
through titration of Keapl. p62 accumulation also activates mTORC1/c-Myc signaling to
alter metabolism and promote proliferation. mTORC1-mediated p62 phosphorylation

enhances

NRF2 activation.
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