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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 (HCCs). Although p62 was proposed to participate in the
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
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.
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 Weter-
Significance

p62 is themain component ofMallory-Denk bodies and hyaline
diseases and HCC. Our results indicate that p62 accumulatio
nancy, most likely by preventing oxidative stress-induced deat
mulate multiple oncogenic mutations. Hepatocyte-specific p
mTORC1 activation. Therefore, p62 levels serve as a strong p
ablation.
ing et al., 2015), but in other cases, such as hepatocellular

carcinoma (HCC), cancer likely emerges from terminally differ-

entiated cells (Font-Burgada et al., 2015). Since a typical can-

cer requires two to eight driver mutations (Vogelstein et al.,

2013), cancer-initiating cells should survive environmental in-

sults, divide, and give rise to a cluster of initiated cells that

remain insult resistant and thus capable of accumulating
granules that are present in themajority of premalignant liver
n is required for progression from premalignancy to malig-
h of HCC-initiating cells, thereby allowing such cells to accu-
62 expression promotes c-Myc induction and NRF2 and
rognostic indicator of rapid HCC recurrence after curative
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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 arises as the end stage of chronic liver disease

and persistent inflammation, with hepatitis B or C virus (HBV,

HCV) infections being the current leading causes (El-Serag,

2011). However, obesity and alcohol consumption, which

cause hepatic steatosis (non-alcoholic 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 dam-

age 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 detec-

tion 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 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 en-

zymes (Suzuki et al., 2013). NRF2 is regulated post-translation-

ally by the E3 ubiquitin ligase Keap1, which induces NRF2

ubiquitination and proteasomal degradation. Upon accumula-

tion of reactive oxygen species (ROS) or electrophiles, Keap1

is oxidized and unable to bind newly translated NRF2, which

is stabilized and enters the nucleus to activate genes harboring

antioxidant response elements. Because products of NRF2-

regulated genes detoxify electrophiles and promote glutathione

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,

KEAP1 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,

NFE2L2, that inhibit Keap1-mediated degradation were found

in lung, esophageal, skin, and liver cancers (Guichard et al.,

2012; Kim et al., 2010; Shibata et al., 2008). Together,

NFE2L2 and KEAP1 mutations occur in 14% of HCC speci-

mens 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 in-

hibiting senescence or death of initiated hepatocytes undergo-

ing oxidative stress (Hayes and McMahon, 2006), but direct

support for this hypothesis, first postulated by Farber (1990),

is lacking. Curiously, carcinogen-induced dysplastic lesions

in rats, known as foci of altered hepatocytes (FAH), express
2 Cancer Cell 29, 1–14, June 13, 2016
high amounts of glutathione S-transferase P1 (Gstp1), NAD(P)

H:quinone oxidoreductase 1 (Nqo1), and other protective en-

zymes (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 SQSTM1, 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 light-chain protein

3 (LC3) motif and Keap1 interacting motif (KIR), through which

it binds LC3 on phagophore membranes and cytoplasmic

Keap1, respectively. Amain p62 function is to deliver polyubiqui-

tinated 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 autoregulatory loop that sustains

NRF2 activation and p62 overexpression. p62 also binds

TRAF6 to promote nuclear factor kB (NF-kB) activation (Sanz

et al., 2000), and NF-kB can also induce p62 expression (Ling

et al., 2012). Under nutrient-rich conditions, the p62/TRAF6

interaction also enhances mammalian target of rapamycin com-

plex 1 (mTORC1) activation (Duran et al., 2011; Linares et al.,

2013). Importantly, p62 is a major component of intracellular hy-

aline bodies, 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-con-

taining aggregates have been detected in 50% of surgical

HCC specimens (Denk et al., 2006), but their significance re-

mains 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 carci-

noma by promoting mTORC1 activation (Li et al., 2013), while

other studies have suggested it acts via NF-kB or oxidative

stress (Mathew et al., 2009). p62 also accumulates in endome-

trial cancer (Iwadate et al., 2015). Yet in no case was it investi-

gated whether p62 accumulation in a preneoplastic tissue

increases the risk of cancer initiation.



Figure 1. Diminished DEN-Induced Hepatocarcinogenesis in Sqstm1Dhep Mice

(A) p62-positive aggregates in human LC/HCC (liver cirrhosis/HCC), NASH, and ASH specimens (n = 3).

(B) Left: rapid p62 induction in mouse livers (n = 3) after high-dose DEN (100 mg/kg body weight [BW]). Right: chronic p62 expression in mouse livers (n = 3) after

low-dose DEN (25 mg/kg BW) and HFD feeding.

(C) Nqo1 liver mRNA expression 48 hr after DEN injection analyzed by qPCR. Results are mean ± SD (n = 3).

(D) H&E staining of Sqstm1F/F and Sqstm1Dhep livers (n = 4).

(legend continued on next page)
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RESULTS

p62 Is Induced by Diethylnitrosamine 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 dieth-

ylnitrosamine (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 accumula-

tion, but this time the process was slower and after 2–4 months

only a few hepatocytic cell clusters were high in p62 (Figures 1B

and S1A). At later time points p62-high cells were mainly

restricted to tumor nodules, and no differences in p62 expres-

sion were noted between mice given DEN alone or DEN plus

HFD. To determine p62’s role in hepatocarcinogenesis, we

generated Sqstm1Dhep mice lacking p62 in hepatocytes (Fig-

ure S1B). Immunoblot (IB) analysis revealed complete absence

of p62 protein, and qPCR analysis showed reduced Nqo1

mRNA induction after DEN challenge (Figures 1C and S1C).

The Sqstm1Dhep liver, however, was phenotypically normal and

did not display any damage (Figure 1D). Two-week-old

Sqstm1Dhep males given DEN alone or DEN plus HFD (Park

et al., 2010) developed 55% fewer HCCs than similarly treated

Sqstm1F/F mice (Figures 1E and S1D). Maximal tumor size, how-

ever, remained unchanged; suggesting that p62 mainly affects

tumor initiation rather than growth. p62-Deficient HCCs ex-

pressed 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 anal-

ysis confirmed that most HCCs inSqstm1F/F mice displayed high

p62 expression, which was also seen in non-tumor areas (Fig-

ure 1G). p62 expression generally correlated with NRF2 stabili-

zation and elevated Nqo1 expression (Figures 1G and S1F).

p62-Deficient tumors expressed much less Nqo1 protein (Fig-

ures 1G and S1E). p62 deletion reduced tumoral expression of

NRF2 targets, including Hmox1, Gstm1, and Nqo1 mRNAs (Fig-

ure 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 Tsc1Dhep Mice
Tsc1Dhep male mice, in which hepatocyte mTORC1 is constitu-

tively activated, exhibit spontaneous HCC development pre-

ceded by fibrosis, liver damage, and p62 accumulation (Menon

et al., 2012). mTORC1 activation, however, is dispensable for

DEN-induced HCC; in fact RptorDhep mice exhibit enhanced

HCC development (Umemura et al., 2014). To determine

whether p62 participates in mTORC1-driven hepatocarcinogen-

esis, we generated Tsc1Dhep mice, which developed typical
(E) Gross appearance, tumor multiplicity, and maximal sizes of DEN-induced HC

(F) Relative mRNA amounts of HCC and progenitor markers as well as Sqstm1 in

(G) IB analysis of p62, nuclear NRF2, HDAC1, Nqo1, c-Myc, and tubulin in tumo

**p < 0.01, ***p < 0.001. Scale bars, 100 mm. See also Figure S1.
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HCCs as described above, and crossed them with Sqstm1Dhep

mice to generate Tsc1/Sqstm1Dhep 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 (Fig-

ure 2B). As expected, p62 was upregulated in non-tumor and tu-

mor areas of Tsc1Dhep liver, and its upregulation correlated with

enhanced NRF2, c-Myc, and NRF2 target gene expression (Fig-

ures 2C and 2D). p62 ablation in Tsc1Dhep liver reduced S6K and

S6 phosphorylation, suggesting decreased mTORC1 activity

(Figures 2A, 2C, and S2B). However, restoration of AKT phos-

phorylation, which is inhibited upon S6K activation (Hay and

Sonenberg, 2004), was variable (Figures 2A and 2C). p62 abla-

tion reduced expression of fibrogenic genes and the Yes-associ-

ated protein (YAP) targets connective tissue growth factor (Ctgf)

and amphiregulin (Areg), which are upregulated in the Tsc1Dhep

liver (Figure 2D). Inflammation and fibrotic changes were also

reduced in the Tsc1/Sqstm1Dhep liver relative to Tsc1Dhep 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,

Tsc1Dhep 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 accumula-

tion (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

wild-type (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 Sqstm1Dhep (Sqstm1Dhep/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, which are DHE positive (Figures 3B–3D). Notably,

p62 ablation substantially suppressed HCC development (Fig-

ure 3E). Both tumor number and maximal size were reduced in

Sqstm1Dhep/MUP mice, and no p62 expression was seen in

the remaining tumors (Figure 3B).

NASH development and HCC progression is also seen in the

STZ-HFD model, based on induction of type 1 diabetes (b-cell

destruction) with streptozotocin (STZ) followed by HFD feeding

(Kawai et al., 2012). STZ-HFD mice develop HCC, whose histo-

logical features were similar to those of 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 (Fig-

ures S3A–S3D).
Cs. Results are mean ± SEM (n = 11–13).

tumors from DEN-injected mice. Results are mean ± SD (n = 4).

r (T) and non-tumor (NT) liver tissue from DEN-injected mice (n = 5–6).
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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-defi-

cient (KIR�), or UBA-deleted (DUBA) (Figure 4A). Transfected

mouse hepatocytes exhibited efficient expression of all three

p62 variants (Figures 4B and 4C). Whereas p62 FL and p62

KIR� formed aggregates, theDUBAconstruct did not (Figure 4C).

p62 FL and p62 DUBA, but not p62 KIR�, induced endogenous

NRF2 targets, including Nqo1 and Hmox1 (Figures 4B and S4A).

We transferred the different constructs into adeno-associated

virus (AAV) serotype 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). Notably, p62

FL and p62 DUBA induced tumors with either steatotic or typical

HCCmorphologies at 12 months after infection of WTmale mice

(Figures 4D and S4D). Tumor multiplicity was 50% of that seen in

HFD-fed MUP-uPA mice. No significant differences between tu-

mor multiplicity were observed between p62 FL and p62 DUBA

infected mice, although tumors 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 in-

jection into mice was reported to induce occasional liver tumors,

these tumors were found at 14–25 months after 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 steatohepatic HCCs (Figure S4D). All p62-induced

HCCs expressed exogenous and endogenous p62 and FLAG

epitope, together with elevated NRF2 and Nqo1 (Figure 4E).

S6K phosphorylation and c-Myc were elevated, but the LC3-II/

LC3-I ratio remained high (Figure 4E). This was markedly

different from Atg7Dhep 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 RNA sequencing (RNA-seq) on Sqstm1Dhep and

Sqstm1F/F livers to identify differentially expressed genes and

signaling pathways that are strongly influenced by p62. Ingenuity

pathway analysis revealed that the NRF2-mediated oxidative
Figure 2. p62 Ablation Blocks HCC Development in Tsc1Dhep Mice

(A) IB analysis of liver tissues from indicated mice (n = 4–6). n.s., nonspecific ban

(B) Upper: gross liver morphology of 10-month-old male mice of indicated g

are mean ± SEM.

(C) IB analysis and quantitation of protein expression and phosphorylation in tum

(D) qPCR analysis of relative mRNA levels of Sqstm1, NRF2 targets (Nqo1, Gstm1

(Ctgf and Areg) in livers of 10-month-old mice (n = 3–4 per genotype). Results ar

*p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S2.
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stress response was the highest-ranking downregulated

pathway in the Sqstm1Dhep liver (Figure 5A). Heatmap depic-

tion shows downregulated ‘‘NRF2-mediated Oxidative Stress

Response’’-related genes, including Cbr1, Gstm5, Abcc4,

Nqo1, and Gpx2 in Sqstm1Dhep 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 electro-

phile detoxification. c-Fos, which was implicated as a key

contributor to HCC pathogenesis (Min et al., 2012), was also

downregulated in Sqstm1Dhep liver. We conducted similar ana-

lyses on Tsc1Dhep and Tsc1/Sqstm1Dhep livers. Again, p62 abla-

tion reduced expression of NRF2-regulated genes (Figure 5C).

In this case, however, gene set enrichment analysis (GSEA) of

RNA-seq data indicated that p62 ablation also reduced expres-

sion 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 SQSTM1 mRNA expression in different

HCC datasets (Oncomine and The Cancer Genome Atlas

[TCGA]), six of which showed higher SQSTM1 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 the Molecular Signatures Database revealed that among

genes directly correlated with SQSTM1, there is a striking

enrichment for genes controlled by NRF2, including a strong

positive correlation with NQO1 (Figures S5C–S5E). Further

analysis of the TCGA dataset revealed a significant tendency

toward co-occurrence between SQSTM1 overexpression and

NQO1 and GPX2 (Figure S5F). GSEA of these data also

revealed good correlation between SQSTM1 and MYC- and

mTORC1-responsive genes (Figures S5G and S5H). Further-

more, silencing of p62 in an established human HCC cell line

confirmed the relationship between elevated SQSTM1 and

increased MYC and NQO1 expression and S6K phosphoryla-

tion (Figures S5I 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 re-

sults 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 dis-

ease-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 in patients with low or no

p62 staining. Moreover, the p62 staining index positively corre-

lated with fibrosis score and liver stiffness assessed by
d.

enotypes. Lower: tumor numbers and maximal sizes (n = 12–16). Results

or (T) and non-tumor (NT) liver tissue. Results are mean ± SD (n = 3–4).

, Hmox1), fibrogenic markers (Col1A1, Col4A1, Acta2, Timp1) and YAP targets

e mean ± SD.



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 a LFD or an 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. Graphs indicate percentage of areas occupied by stained cells. Results are mean ± SD (n = 3–5). Scale bars, 100 mm.

(legend continued on next page)
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histology and transient elastography, respectively (Figure 6C).

These results suggest that p62 is a useful biomarker for the

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 Onco-

mine and TCGA datasets, revealed that high SQSTM1 expres-

sion correlated with significantly worse patient survival (Figures

S6A and S6B).

DISCUSSION

Cancer often develops in tissues, such as liver, with very low

rates of inherent cell division. 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 the

multiple mutations needed for malignant transformation. Study-

ing HCC, a cancer that most likely originates from differentiated

hepatocytes (Font-Burgada et al., 2015), we find that accumula-

tion 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 his-

tologically 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 sup-

porting 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 ade-

nomas (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 precancer-

ous liver was not investigated. We now show that in human pa-

tients with early HCC p62 accumulation in non-tumor liver corre-

lates 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

intervention. Using four distinct mouse HCC models of differing

etiology, we show that p62 is needed for initiation of malignant

tumors with classical HCC features. The most dramatic depen-

dence on p62 was exhibited by Tsc1Dhep mice, in which HCC

development depends on mTORC1 (Menon et al., 2012), which

is also activated by hypernutrition, causing attenuation of auto-

phagy and p62 accumulation (Schneider and Cuervo, 2014).

Nonetheless, HFD feeding causes p62 accumulation in MUP-

uPA and STZ but not in WT mice. Thus, p62 is not linked to

development of steatotic changes; rather, it is strictly required

for NASH to HCC progression. Our results also indicate that

p62 accumulation can initiate HCC development, suggesting it
(C) Liver triglyceride (TG) content of 5-month-old mice on HFD. Results are mea

(D) Relative mRNA amounts of fibrogenic markers in mice of indicated genotype

(E) Gross liver morphology (upper) and tumor numbers and maximal sizes (lower

*p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.
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is a critical preneoplastic event that leads to non-mutational

activation of three important cancer drivers: NRF2, mTORC1,

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-kB (Jain et al.,

2010; Ling et al., 2012), are activated during chronic liver inflam-

mation and oxidative stress (Figure 7). In turn, p62 can activate

NF-kB (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 prefer-

ential 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 Nqo1 or Gstp1 (a marker

of rat, but not mouse, FAH) expression (Farber, 1990; Hayes

and McMahon, 2006).

Elevated SQSTM1 mRNA is insufficient for formation of p62-

containing aggregates, because a major factor that dictates

p62 protein amounts is autosomal-lysosomal proteolysis (Ko-

matsu 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. There-

fore, only partial inhibition of autophagy is compatible with

progression of p62-expressing FAH to malignant HCC. Such

conditions occur during NASH development or in Tsc1Dhep

mice, whereby autophagy is partially inhibited due to mTORC1

activation. However, modest mTORC1 activation induced by

HFD does not cause p62 accumulation and malignant progres-

sion. Other conditions that lead to p62 accumulation are inflam-

mation 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 phos-

phorylation, indicative of mTORC1 activation, is also seen in

HCC nodules induced by ectopic p62, whereas p62 ablation in

Tsc1Dhep mice reduces S6K phosphorylation. However, AKT

T308 or S473 phosphorylation, which is suppressed upon S6K

activation, is only weakly and inconsistently restored by p62 abla-

tion, suggesting that other signaling pathways contribute to he-

patic insulin resistance.One likely contributor is the JNKpathway,

which is activated during HCC development (Nakagawa et al.,

2014; Sakurai et al., 2006) and inhibits insulin-activated AKT (Sol-

inas et al., 2006). These data support the notion that p62-depen-

dent liver tumorigenesis may be mediated in part via mTORC1.

Dependence on mTORC1, however, does not apply to the DEN

model, where 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 de-

velopment (Shibata and Aburatani, 2014). As seen with p70S6,

c-Myc expression and activity in mouse and human HCC
n ± SD (n = 4).

s. Results are mean ± SD (n = 4).

) in 10-month-old mice kept on HFD. Results are mean ± SEM (n = 7–11).
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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; DUBA, UBA-deleted p62; control, FLAG only).

(B) IB analysis of FLAG, p62, and Nqo1 in murine hepatocytes transfected with plasmid expressing p62 or its variants (n = 3).

(legend continued on next page)
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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 RNA-seq data from Sqstm1Dhep versus Sqstm1F/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); gray bars, no activity pattern available; white bars, Z score = 0.

(B) Heatmap representation of downregulated genes in Sqstm1Dhep relative to Sqstm1F/F livers (n = 3) associated with ‘‘NRF2-mediated Oxidative Stress

Response’’ including Log2FC and adjusted p value.

(C) Heatmap representation of downregulated genes in Tsc1/Sqstm1Dhep relative to Tsc1Dhep livers (n = 3) including Log2FC 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 gene sets sorted by normalized enrichment score comparing Tsc1/Sqstm1Dhep versus Tsc1Dhep mice (n = 3). Gene sets related to c-Myc and

mTORC1 are colored red.

(E) Enrichment graph of mTORC1_SIGNALING dataset (n = 3).

See also Figure S5.
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correlateswithp62and isdecreasedupon its ablation, results that

support earlier findings regarding the ability of p62-mTORC1

signaling to induce c-Myc (Valencia et al., 2014).

Another critical mediator of p62-induced hepatocarcinogene-

sis is NRF2, whose activation by p62 depends on Keap1 binding.

A point mutation in the p62 KIR domain, which prevents Keap1

binding (Suzuki et al., 2013), blocks NRF2 activation and abol-

ishes 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 muta-

tionally activated in chemically induced HCC in rats, where

Nfe2l2 or Keap1 mutations occur in 70% of early lesions (Zavat-

tari et al., 2015). Given the dependence of NRF2 activation on

p62 in the models we studied, the main driver of NRF2 activation
(C) Expression patterns of p62 constructs in mouse hepatocytes analyzed by IF m

higher magnification of FLAG-positive aggregates. Representative images of thr

(D) Representative images of tumor-bearing livers from 12-month-old mice infecte

andmaximal sizes are shown to the right. p62 FL (n = 14); p62DUBA p62 (n = 13); p

as other mice in this figure); control (n = 14). Data are mean ± SEM. n.s., not sign

(E) IB analysis of lysates from BL6 and Atg7Dhep livers, three p62-induced HCCs

(F) Immunohistochemistry analysis of p62-induced HCCs (n = 10). Scale bars, 10

See also Figure S4.
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in mouse HCC and human HepG2 cells is p62 rather than muta-

tions. Furthermore, noNRF2 orKEAP1mutations were observed

in human dysplastic lesions (Nault et al., 2014). NRF2 ablation in

Atg5Dhep mice inhibits the 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 proved, that NRF2 activation

and consequent induction of antioxidant and detoxifying en-

zymes 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
icroscopy (left: blue, DAPI; green, p62; red, FLAG; scale bars, 10 mm). Right:

ee independent experiments are shown.

d with indicated AAV8 vectors. Yellow arrows point to tumors. Tumor numbers

62 KIR� (n =5mice infected, only two of which were of the same BL6 genotype

ificant. ****p < 0.0001.

, and p62 FL infected mouse hepatocytes. (NT). Endo, endogenous p62.

0 mm.



Figure 6. p62-Positive Aggregates in Human Livers Correlate with HCC Recurrence after Curative Ablation

(A) Representative images of p62 immunohistochemistry 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 mm.

(B) Disease-free survival curves of all four groups (upper panel) and G0–G2 versus G3 groups (lower panel).

(C) Correlation between p62 expression and fibrotic changes in background liver from HCC patients in (B) 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. G0 (n = 32), G1 (n = 41), G2 (n = 22), and G3 (n = 8).

See also Figure S6.
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upregulation of these protective enzymes does not inhibit ROS-

mediated mutagenesis, as human HCCs contain multiple muta-

tions in addition to those that activate NRF2. On the contrary,

persistent NRF2 activation promotes survival of HcPC and al-

lows them to accumulate additional mutations. Congruent with

this notion, we find that p62 is required for survival of hepato-

cytes 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 Tsc1Dhep

or HFD-fed MUP-uPA and STZ-HFD mice, in which 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 Tsc1Dhep livers and during NASH-driven HCC

development. Although NRF2 induces Sqstm1 transcription

and p62 activates NRF2 (Figure 7), the latter effect requires

p62 phosphorylation by mTORC1 (Ichimura et al., 2013).

Future experiments should examine the role of this phosphor-

ylation event in p62-induced tumorigenesis. The ability of p62

to oligomerize and aggregate ubiquitinated proteins was sug-

gested to promote tumorigenesis by inducing oxidative stress

(Mathew et al., 2009), and p62 ablation in Atg7Dhep liver was

reported to reduce oxidative stress (Komatsu et al., 2007),

results that are not entirely consistent with our current under-

standing 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-Myc activation. The
Cancer Cell 29, 1–14, June 13, 2016 11



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. mTORC1

activation and ER stress promote p62 accumula-

tion by interfering with initiation of autophagy,

whereas alcohol and HCV affect p62 by interfering

with termination of autophagy and can also lead

to IkB kinase (IKK)/NF-kB activation. Once p62

accumulates it leads to IKK/NF-kB activation via

TRAF6 binding and NRF2 activation through

titration of Keap1. p62 accumulation also activates

mTORC1/c-Myc signaling to alter metabolism

and promote proliferation. mTORC1-mediated

p62 phosphorylation enhances NRF2 activation.

P, phosphorylation; Ub, ubiquitination.
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p62-Keap1-NRF2 pathway allows HcPC with high ROS content

to survive in the chronically stressed liver environment and accu-

mulate numerous mutations that commit them to the malignant

fate under conditions where themetabolic and proliferative func-

tions of mTORC1 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 Keap1 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

Sqstm1F/F and Tsc1F/F mice (Mori et al., 2009; Muller et al., 2013) were back-

crossed to C57BL/6 mice for at least seven generations and then bred with

Alb-Cre mice (also C57BL/6) to generate Sqstm1F/F;Alb-Cre (Sqstm1Dhep)

and Tsc1F/F;Alb-Cre (Tsc1Dhep) mice, respectively. Sqstm1Dhep mice were

crossed to Tsc1Dhep and MUP-uPA mice to generate Tsc1/Sqstm1Dhep and

Sqstm1Dhep/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 under Dr. Karin’s Animal Protocol S00218.

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 HFD, composed of 59% fat, 15% protein, and 26% car-

bohydrates 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.
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Figure S1, related to Figure 1. p62 ablation attenuates DEN-induced liver carcinogenesis. 
(A) IHC of p62 in mouse livers after different DEN treatments. DEN 48 hr; mice were injected with DEN (100 
mg/kg) at 8 weeks of age and sacrificed 48 hr later. DEN 2, 9 months; mice were injected with DEN (25 mg/kg) at 2 
weeks of age and sacrificed 2 or 9 months later. n=3 mice per treatment. DEN + HFD 4, 8 months; mice were 
injected with DEN (25 mg/kg) at 2 weeks of age and sacrificed 4 or 8 months later. Mice were kept on HFD from 4 
weeks after DEN injection until analysis. n=3. (B) Scheme for generating liver-specific p62 knock out mice. 
Sqstm1F/F mice were crossed with Alb-Cre transgenic mice to generate Sqstm1F/F;Alb-Cre (Sqstm1Δhep) mice. Two 
week old Sqstm1F/F and Sqstm1Δhep males were injected with 25 mg/kg DEN. Tumor development was analyzed 8 
months later. (C) p62 and tubulin IB of 8 week old Sqstm1F/F and Sqstm1Δhep mouse liver lysates. (n=4). (D) Gross 
morphology of tumor-bearing livers from Sqstm1F/F and Sqstm1Δhep mice kept on HFD from 4 weeks after DEN 
injection until analysis (left panel). Numbers of tumors of indicated sizes in livers of Sqstm1F/F and Sqstm1Δhep mice 
injected with DEN and kept on HFD (right panel). Results are means ± S.D. (n=11-13) (E) IHC of liver tumors from 
Sqstm1F/F and Sqstm1Δhep mice using antibodies to p62, AFP, GPC3, and Nqo1. Arrows indicate tumor portion. 
(n=4). (F) Relative mRNA amount of Sqstm1 and NRF2 target genes, Hmox1, Gstm1, and Nqo1, in non-tumor (NT) 
and tumor (T) liver tissue of 8 month old Sqstm1F/F and Sqstm1Δhep mice determined by real time qPCR. Results are 
means ± S.D. (n = 6). *p < 0.05, **p < 0.01.  Scale bars: 100 µm.  



 
 

 



Figure S2, related to Figure 2. Loss of p62 attenuates liver pathology in Tsc1Δhep mice. 
(A) Schemes for generation of liver-specific Tsc1Δhep single knockout, and Tsc1/Sqstm1Δhep double knockout mice. 
Tsc1Δhep mice were obtained in the same way as Sqstm1Δhep. Tsc1Δhep mice were crossed with Sqstm1F/F mice to 
generate Tsc1/Sqstm1Δhep mice. (B) IHC analysis of p62, phospho-S6, SMA, and F4/80 in liver sections of indicated 
mouse strains. Liver fibrosis and ROS accumulation were assessed by Sirius red staining and DHE staining, 
respectively. Results are means ± S.D. (n = 4). (C) IHC staining of phospho-S6 and c-Myc in tumor tissue from 
Tsc1Δhep mice (n = 3). *p < 0.05. Scale bars: 100 µm.  
 



 

 
 
 
 

Figure S3, related to Figure 3. Loss of p62 attenuates HCC development but not hepatic steatosis in STZ-
HFD mice. 
(A) Gross morphology of livers bearing tumors (left), and tumor numbers and maximal sizes (right) in 5 months old 
Sqstm1F/F and Sqstm1Δhep STZ-HFD mice. Results are means ± S.E.M. (n=5-7). (B, C) p62 expression, lipid droplets, 
and fibrosis in non-tumor and tumor portions from livers of 5 months old Sqstm1F/F and Sqstm1Δhep STZ-HFD mice 
were examined by p62 IHC, Oil Red O (ORO), and Sirius red staining, respectively. Quantitation of areas occupied 
by stained cells is shown on the right, (n=3). Arrows indicate tumor portion. (D) TG content in livers from 5 
months old Sqstm1F/F and Sqstm1Δhep STZ-HFD mice. (n=4) Scale bars: 100 µm. *p < 0.05. Results are means ± S.D.  
 

 

 

 



 

Figure S4, related to Figure 4. Ectopic expression of p62 induces HCC. 
(A) Relative Hmox1 mRNA expression in hepatocytes transfected with indicated p62 constructs. Results are 
normalized to GAPDH as in Figure 2D. Results are means ± S.D. (n=3). (B) AAV8-GFP infection efficiency and 
stability of expression were determined by GFP immunofluorescent staining of livers at the indicated times after 
infection. (n=3). (C) Analysis of Flag and p62 coexpression in AAV8-p62 FL infected mouse hepatocytes. (n=3). 
(D) Histological assessment of p62-induced tumors by H&E staining (NT; non-tumor). (n=10). (E) RelA, YAP, and 
phospho-S6 IHC analysis of p62-induced HCCs. (n=10). *p < 0.05, **p < 0.01.  Scale bars: 100 µm.  
 
 
 

 



 

 



 
Figure S5, related to Figure 5. p62 expression correlates with NRF2 and mTORC1 activation in human HCC.  
(A) Relative mRNA amount of NRF2 target genes, Gsta1, Gsta2, Gstm1, Gstm2, Gstm3, Gstm4, Gstm6, Gstp1, 
Gstp2, Gclm, and Gclc, in livers of 10 months old Sqstm1F/F and Sqstm1Δhep mice determined by real time qPCR, and 
results are means ± S.D. (n = 3-5). Results are normalized to GAPDH as in Figure 2D. (B) SQSTM1 mRNA levels 
in normal human livers and HCCs in different clinical cohorts. Datasets extracted from Oncomine (Roessler, Chen, 
Wurmbach and Mas Liver) and TCGA. Box-and-whisker plots showing median (horizontal line), interquartile range 
(box) and 10th-90th percentiles (whiskers) of the data of Oncomine and min to max (whiskers) of the data of TGCA. 
Dots indicate outliers. (C) List of top-ten genesets from C3 compilation (MSigDb) scored for enrichment using 
GSEA of SQSTM1 correlation profile in the TCGA dataset (LIVER). Enrichments of NRF2 genesets are highlighted 
in red. (D) Enrichment graph of the NRF2 signature. (E) Strong correlation between SQSTM1 and NQO1 expression. 
Correlation analysis including linear regression and Pearson correlation analysis. n=423. (F) SQSTM1 
overexpression tends to co-occur with overexpression of NQO1 and GPX2. Oncoprint graph representing alterations 
in each patient (grey square) within the TCGA dataset available at cBioportal (n=190). Co-occurrence showed as 
Log Odds ratio between SQSTM1 and NQO1 and GPX2, respectively. (G) List of top-five genesets from Hallmark 
compilation (MSigDb) scored for enrichment using GSEA of SQSTM1 correlation profile in the TCGA dataset 
(LIVER). n=423. In red, genesets related to c-Myc, mTORC1 and ROS. (H) Enrichment graph of 
mTORC1_Signaling. (I, J) p62 expression in human HCC cell line, HepG2, was silenced using shRNA (control 
shRNA; sh-Cont, p62 shRNA; sh-p62). (I) SQSTM1, MYC, and NQO1 mRNA expressions were quantitated by real 
time qPCR. Results are means ± S.D. (n = 3). (J) p62, c-Myc and S6K phosphorylation were analyzed by 
immunoblotting (n = 3). *p < 0.05, **p < 0.01.   



 

 

 
 

 
 
 
 
Figure S6, related to Figure 6. HCC survival is p62-dependent in human liver.  
(A,B) Kaplan-Meier survival curves of patients stratified by SQSTM1 mRNA levels (z-score) in the TCGA (A) 
dataset and GSE10141 (B) are plotted with Log-Rank p value.  
 

 

 

 
 
 
 

 



Supplemental Experimental Procedures 
Mice experiments 
DEN (25 mg/kg) was injected intraperitoneally (i.p.) into 14 days old male mice. After 4 weeks, mice were 
separated into two dietary groups and fed either LFD or HFD until sacrificed at 7-8 months of age. To generate 
STZ-HFD mice, 2 days-old male pups were injected with streptozotocin (200 µg) and placed on HFD from 4 week-
old until sacrificed. These mice progress from NAFLD to NASH and develop HCC at 4-5 months of age. Mice were 
sacrificed and livers removed and separated into individual lobes. Externally visible tumors (>1 mm) were counted 
and measured. Large lobes were fixed in 10% formalin for 24-48 hr for paraffin blocks, or embedded in Tissue-Tek 
OCT compound (Sakura Finetek) for frozen block preparation. Frozen tissue sections were stained with Oil-Red O 
(ORO) for lipid, dihydroethidine (DHE) for ROS, and anti-smooth muscle actin (SMA) antibody (Abcam) or Sirius 
red for fibrosis detection. Paraffin-embedded tissues were used for H&E and IHC, except for SMA, staining. A 
board certified pathologist (M.A.V.) evaluated histological results. Positively stained areas were quantified in 6-10 
random fields (×100, × 200 or x400) on each slide using Image J software and values are depicted in bar graphs next 
to the images. Scale bars: 100 µm. Remaining lobes were micro-dissected into tumor and non-tumor tissues and 
stored at −80°C until analyzed. 
 
IB, IHC and other procedures 
Liver samples were homogenized in RIPA buffer and equal amounts of homogenates were SDS-PAGE fractioned 
and transferred onto a PVDF membrane that was incubated, after blocking, with antibodies to phospho-AKT, 
phospho-ERK, ERK, LC3, NRF2 (all from Cell Signaling Technology), phospho-p70S6K, p70S6K, actin, HDAC1, 
TSC1 (all from Santa Cruz), Flag, tubulin (sigma), c-Myc (GeneTex), Nqo1 (Abcam) and p62 (Progen or Santa 
Cruz). IHC was performed as described (Nakagawa et al., 2014; Umemura et al., 2014). ALT and liver triglycerides 
were measured as described (Nakagawa et al., 2014). 

Antibodies used for IHC in this study were against: phospho-S6, RelA, YAP, (Cell Signaling Technology), 
F4/80 (Caltag), c-Myc (GeneTex), Flag (sigma), AFP (Biocare medical), Sox9 (Santa Cruz), Glypican3, Nqo1 
(abcam) and p62 (Progen). Sirius red staining was performed to quantify the amount of collagen fibers. ORO, Sirius 
red, SMA, F4/80, and DHE positive areas were quantified in 6-10 random fields (×100, × 200 or x400) on each slide 
using Image J software and the values are depicted in the bar graphs next to the images. Scale bars: 100 µm. 
 
TCGA data 
Raw data were downloaded from UCSC Cancer Genome Browser (Illumina Hiseq pancan normalized). GSEA of 
the correlation profile for SQSTM1 was performed using pearson correlation with 1000 permutations against the C3 
geneset compilation. Survival analysis was performed by patient stratification of SQSTM1 z-score values. 
 
Generation and infection of p62-AAV vectors 
PCR amplified p62 sequences were cloned into pcDNA-Flag vector to add Flag-tag at the N-terminal end. The Flag-
p62 constructs were subcloned into pEMBL-CB. Recombinant Flag-p62 was identified by enzyme digestion and 
sequencing, transfected into 293 cells, and its expression was IB analyzed. The ds-AAV8 vector was kindly 
provided by Dr. X. Xiao (University of North Carolina at Chapel Hill). Mice (6-8 weeks) were infected with p62 or 
GFP AAV vectors (2.8 × 1011 genome copies per mouse) via tail vein injection. 
 
Statistical Analysis 
Data are presented as means ± SD or ± SEM as indicated. Differences in means were analyzed by Student’s t test 
and one-way ANOVA. Kaplan-Meier survival curves were analyzed by log rank test. p values < 0.05 were 
considered significant (*: p < 0.05, **: p < 0.01, ***: p < 0.001). 
 
RNA Isolation and Real Time qPCR 
RNA isolation from liver (20 mg) was performed using the RNeasy mini kit (Qiagen, Valencia, CA). Real time 
qPCR was used for quantifying mRNA concentrations using the SsoAdvanced™ Universal SYBR® Green 
Supermix (Irvine, CA) according to manufacturer’s protocol. The primers used are as follows:  
 

Nqo1 F AGCGTTCGGTATTACGATCC 

  R AGTACAATCAGGGCTCTTCTCG 

Hmox1 F GAGCCTGAATCGAGCAGAAC 



  R AGCCTTCTCTGGACACCTGA 

Col4a1  F CTGGCACAAAAGGGACGAG 

  R ACGTGGCCGAGAATTTCACC 

Col1a1  F GCTCCTCTTAGGGGCCACT 

  R CCACGTCTCACCATTGGGG 

Timp1  F GCAACTCGGACCTGGTCATAA 

  R CGGCCCGTGATGAGAAACT 

Acta2 F GTCCCAGACATCAGGGAGTAA 

  R TCGGATACTTCAGCGTCAGGA 

Areg F TCATGGCGAATGCAGATACA 

  R GCTACTACTGCAATCTTGGA 

Ctgf F TGACCTGGAGGAAAACATTAAGA 

  R AGCCCTGTATGTCTTCACACTG 

Afp F CAGCAGCCTGAGAGTCCATA 

  R GGCGATGGGTGTTTAGAAAG 

Glypican3 F TGTGGTCATGCAAGGCTGTA 

  R GGCACAGACATGGTTCTCAGG 

Sqstm1 F ATGTGGAACATGGAGGGAAGA 

  R GGAGTTCACCTGTAGATGGGT 

Cd44 F CAGAGGCGACTAGATCCCTC 

  R GAGTCACAGTGCGGGAACTC  

Epcam F CGGCTCAGAGAGACTGTGTC 

  R GATCCAGTAGGTCCTCACGC  

Gapdh F TTGATGGCAACAATCTCCAC 

  R CGTCCCGTAGACAAAATGGT 

Gstm1 F ATAGGTGTTGCGATGTAGCG 

  R TTCCCAAACCTGAGGGACTT 

Gstm2 F TGTCCTTGATCAACACCGAA 

  R TTCTTCAGGCCCTCAAAGC 

Gstm3 F AACACAGGTCTTGGGAGGAA 

  R AAACCTGAGGGACTTCCTGG 

Gstm4 F GCTGCTCCAAGTATTCCACC 

  R GACATTTTGGAGAACCAGGC 

Gstm6 F TCAAGAACTCTGGCTTCCGT 

  R GAGGATCCGTGTGGACATTT 

Gstp1 F GGGCCTTCACGTAGTCATTC 

  R GGATATGGTGAATGATGGGG 

Gstp2 F CTCCCTCTGGTTTTTCCCA 



  R CCCAAGTTTGAGGATGGAGA 

Gsta1 F CATTGAAGTGGTGAAGCACG 

  R CTGGACTGTGAGCTGAGTGG 

Gsta2 F TTGAAGTAGTGAAGCACGGG 

  R ATTGGGAGCTGAGTGGAGAA 

Gclm F TTGGGAACTCCATTCATTCA 

  R CGGGAACCTGCTCAACTG 

Gclc F TTCATGATCGAAGGACACCA 

  R CTGCACATCTACCACGCAGT 
SQSTM1                        F    AGCGTCTGCGAGGGAAAG 

                                       R   ACCCGAAGTGTCCGTGTTT 

MYC                              F     CCTCGGATTCTCTGCTCTC 

                                       R     TGGTGGTGGGCGGTGTCT 

NQO1                             F      GGTGATATTTCAGTTCCCATTGC 

                                       R      GCAGGATGCCACTCTGAATC 
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