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Introduction
Hepatoblastoma (HB) is the most common malignant liver tumor in children under the age of  5 years, with 
approximately 100 new cases diagnosed annually in the US (incidence ~1.44:1,000,000) (1) and an inci-
dence that is rising at a rate of  approximately 4% per year (2). Although the survival rate for HB in North 
America is approximately 90% for children with low-stage resectable disease, only one-third of  HBs are 
deemed resectable, and children with advanced disease often fail to respond to the standard platinum-based 
chemotherapy (3). Like other embryonal tumors that develop within immature tissue environments, HBs 
comprise a heterogeneous group of  neoplasms that are thought to originate from hepatoblasts, rapidly 
dividing undifferentiated cells of  the developing liver that give rise to mature hepatocytes and biliary cells 
(4). Consistent with the concept of  “oncogeny as partially blocked ontogeny” (5), pediatric liver tumor 
development is heavily influenced by developmental context, with histological diversity likely reflecting 
the uncontrolled expansion of  hepatoblasts that have undergone maturational arrest at distinct stages of  
differentiation during normal liver development. Histologically, HBs are classified as either wholly epi-
thelial (~65%) or mixed epithelial/mesenchymal tumors (~35%), with fetal and mixed fetal/embryonal 
HBs being the most prevalent epithelial subtypes (6). As histological classification remains the cornerstone 
of  risk stratification and treatment decisions for patients, understanding how genomic, epigenetic, and 

Aberrant wnt/β-catenin signaling and amplification/overexpression of Myc are associated with 
hepatoblastoma (HB), the most prevalent type of childhood liver cancer. To address their roles in 
the pathogenesis of HB, we generated mice in which Myc and mutant β-catenin were targeted to 
immature cells of the developing mouse liver. Perinatal coexpression of both genes promoted the 
preferential development of HBs over other tumor types in neonatal mice, all of which bore striking 
resemblance to their human counterparts. Integrated analysis indicated that tumors emerged 
as a consequence of Myc-driven alterations in hepatoblast fate in a background of pan-hepatic 
injury, inflammation, and nuclear factor (erythroid-derived 2)-like 2/Nrf2-dependent antioxidant 
signaling, which was specifically associated with expression of mutant β-catenin but not Myc. 
Immunoprofiling of human HBs confirmed that approximately 50% of tumors demonstrated 
aberrant activation of either Myc or Nfe2l2/Nrf2, while knockdown of Nrf2 in a cell line–derived 
from a human HB with NFE2L2 gene amplification reduced tumor cell growth and viability. Taken 
together, these data indicate that β-catenin creates a protumorigenic hepatic environment in part 
by indirectly activating Nrf2 and implicate oxidative stress as a possible driving force for a subset of 
β-catenin–driven liver tumors in children.
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environmental factors influence or correlate with HB subtype is 
essential for understanding HB biology and improving outcomes 
for this rare tumor.

Although most HBs are sporadic, multiple studies have 
established a linkage between HB and several familial cancer 
and congenital malformation syndromes (7), most notably 
familial adenomatous polyposis, a cancer syndrome resulting 
from mutations in adenomatous polyposis coli, a negative reg-
ulator of  Wnt signaling. A causative role for Wnt in HB is not 
only suggested by the high frequency of  activating mutations or 
deletions in CTNNB1 (8) that render the canonical Wnt effector 
β-catenin constitutively active for Wnt signaling due to impaired 
degradation of  the protein (9), but also by the high frequency of  
HBs that display Wnt activation via an array of  nonmutational 
mechanisms (10). However, despite an inferred obligatory role 
for Wnt in HB, forced hepatic expression of  mutant β-catenin 
is not sufficient to induce hepatocarcinogenesis (11, 12), indi-
cating that additional oncogenic “hits” must be required. With 

the exception of  the antioxidant response regulator, nuclear factor (erythroid-derived 2)-like 2 (NFE2L2, 
also known as Nrf2), the second most frequently mutated gene after CTNNB1, genomic sequencing has 
produced few candidates reflecting the low rate of  mutation in HB (10, 13). However, by virtue of  being 
located on chromosome 8q, a region frequently amplified in human HB (14), and on the basis of  being 
identified as a prominent oncogenic signature in aggressive human HBs (15), Myc has emerged as a 
potential contributor to HB, yet it is one that has since received little attention. Given the prominence of  
deregulated Wnt and the relatively unexplored role of  Myc in human HB, we set out to determine if  Myc 
cooperated with mutant β-catenin to produce HBs in mice. Using two lines of  genetically modified mice, 
one of  which coexpresses a mutant form of  β-catenin and Myc and a second that expresses Myc alone, 
we show that Wnt/β-catenin and Myc efficiently synergize to produce mouse HBs that are histologically 
and molecularly identical to the most common types of  human HBs. Moreover, our results suggest that 
mouse HBs can develop via two distinct routes: a cell-autonomous route, in which Wnt/β-catenin activa-
tion is selected for during Myc-driven HB development in the context of  normal liver, and an alternative 
route, whereby Myc-driven HBs rapidly develop within an hepatic environment characterized by pan-he-
patic injury, inflammation, and activation of  Nrf2 that is solely associated with expression of  mutant 
β-catenin but not Myc. By also providing evidence for the involvement of  Myc and Nrf2 in human HB, 
we propose that a subset of  human HBs may have an etiology rooted in oxidative stress emanating from 
prior hepatic injury or inflammation and identify Nrf2 as a major component of  the protumorigenic field 
that supports the expansion and neoplastic progression of  immature Myc-expressing liver cells.

Figure 1. Hepatic expression of mutant β-catenin retards growth and 
cooperates with Myc to promote HBs and HCCs in neonatal mice. (A) 
Breeding strategy used to generate β-catΔEx3:Myc (here abbreviated to 
βΔEx3:Myc) mice coexpressing mutant β-catenin and Myc in the imma-
ture liver. (B and C) Hepatic expression of mutant β-catenin stunts 
postnatal growth. (B) Left, normal sized WT mouse; right, small mouse 
expressing a single copy of the β-catΔEx3 allele (here abbreviated to 
βΔEx3) in liver. (C) Body weights. (D and E) Expression of mutant β-cat-
enin with or without the Albumin-c-Myc transgene induces hepato-
megaly. (D) Liver weights and (E) percentage of liver/body weight. (F) 
Kaplan-Meier curve of morbidity. Number of mice analyzed to generate 
graphs in C–E: WT (n = 18); Myc (n = 15); βΔEx3 (n = 35); and βΔEx3:Myc 
(n = 35). Number of mice analyzed to generate the graph in F: WT (n = 
19); Myc (n = 19); βΔEx3 (n = 44); and βΔEx3:Myc (n = 40). Dashed lines 
in graph in F indicate the age at which 50% of βΔEx3 and βΔEx3:Myc 
mice became premorbid, 26 days and 26.5 days, respectively. P values 
for graphs in C–E were generated using a 2-tailed unpaired t test. P 
values for graph in F were generated using a log-rank (Mantel-Cox) test.
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Results
Neonatal mice coexpressing mutant β-catenin and c-Myc preferentially develop HBs over other hepatocellular tumors. 
Mice coexpressing c-Myc and one copy of  a mutant dominant stable β-catenin Ctnnb1 allele [β-cat+/lox(Ex3)] 
in immature liver cells (herein referred to as β-catΔEx3:Myc mice) were generated as shown in Figure 1A. 
Postnatal monitoring and genotyping of  progeny born from matings of  β-cat+/lox(Ex3):Myc mice to Albu-
min-Cre mice showed that all possible genotypes were recovered at the expected Mendelian ratio, indicat-
ing that hepatic expression of  mutant β-catenin, either with or without the Myc transgene, did not cause 
embryonic lethality. However, a subset of  mice became visibly growth retarded beginning at 2 to 3 weeks of  
age (Figure 1B), a phenotype that segregated with expression of  the β-catΔEx3 allele but which was inde-
pendent of  Myc transgene status (Figure 1C). Moreover, in contrast to young mice of  the parental Albu-

Figure 2. Expression of mutant β-catenin coin-
cides with 2 temporally distinct pools of Myc in 
livers of β-catΔEx3 mice. (A) Cre-mediated recom-
bination of exon 3–deficient β-catenin (β-catΔEx3) 
is evident in the liver by E16. PCR analysis of DNA 
isolated from embryonic (E16) and postnatal (P2) 
livers of β-catΔEx3:Alb-Cre– mice (lanes 1 and 5) 
(n = 1 each time point) and β-catΔEx3:Alb-Cre+ 
mice (lanes 2–4 and 6–8) (n = 3 each time point) 
using genotype- or recombination-specific 
primers. Recombination is evident only in livers 
expressing the Alb-Cre transgene (lanes 2–4 and 
6–8). (B) Northern blot analysis of endogenous 
c-Myc mRNA and c-Myc mRNA produced from the 
Albumin-c-Myc transgene (bounded by black box) 
in livers of WT and Alb-c-Myc mice. 12 μg of total 
RNA isolated from livers of WT (lanes 1, 4, and 5) 
and Alb-c-Myc mice (lanes 2, 3, 6, 7, and 8) at P1 
(n = 3), P7–P8 (n = 5), and P28 (n = 1) (lane 9) was 
gel-fractionated, transferred to a nylon membrane, 
and hybridized to a radiolabeled c-Myc–specific 
probe and, thereafter, a radiolabeled oligonucle-
otide probe specific for 18s rRNA. Endogenous 
c-Myc mRNA is abundantly expressed at P1 in WT 
and Alb-c-Myc mice (lanes 1–3) but is negligible by 
P7–P8 (lanes 4–8). In contrast, the Albumin-c-Myc 
transgene is expressed by P7–P8 and continues to 
increase as the liver matures (lanes 6–9, bounded 
by box, and Supplemental Figure 2). (C) Quantita-
tion of transgenic (T) and (D) endogenous (E) c-Myc 
mRNA showing relative c-Myc mRNA expression 
in postnatal liver. Lanes correspond to Northern 
blot in B. (E) Immunohistochemistry (IHC) of Myc 
in embryonic liver at E12 and E15. Approximately 
16% of cells at E12 and approximately 10% of 
cells at E15 express Myc. (AEC chromagen [red], 
hematoxylin counterstain [blue]). Scale bar: 50 μm. 
(F) Scheme depicting the relative magnitude and 
temporal-dependent expression of mutant β-cat-
enin relative to endogenous and transgenic c-Myc 
in β-catΔEx3:Myc mice during liver development 
and maturation. Mutant β-catenin coincides with a 
pool of hepatoblast-expressed endogenous c-Myc 
from approximately E16–P2 (gray box I) and a pool 
of c-Myc expressed from the Albumin-c-Myc trans-
gene in maturing hepatocytes from approximately 
P7 onward (gray box II).



4insight.jci.org   doi:10.1172/jci.insight.88549

R E S E A R C H  A R T I C L E

min-c-Myc strain (referred to as Alb-Myc mice), which had normal body 
and liver weights (Figure 1C) and livers that were biochemically and histo-
logically normal, except for mild cellular and nuclear hypertrophy in peri-
portal hepatocytes (Supplemental Figure 1, A and B; supplemental mate-
rial available online with this article; doi:10.1172/jci.insight.88549DS1), 
all mice expressing mutant β-catenin displayed hepatomegaly (Figure 1, 
D and E) and became moribund, requiring euthanization between 21 and 
40 days of  age (Figure 1F). Biochemical and histological analysis showed 
that persistent activation of  β-catenin resulted in severe liver dysfunction 
secondary to extensive hepatocellular damage and overt focal necrosis 
(Supplemental Figure 1, A and B). Despite the presence of  extrabiliary 
SOX9-positive cells, suggesting a possible regenerative response (Supple-
mental Figure 1C), and a modest improvement in liver function in β-cat-
enin mice coexpressing the Alb-c-Myc transgene (Supplemental Figure 
1B), all β-catenin–expressing mice eventually succumbed to liver failure 
by 6 weeks of  age. That this phenotype was associated with prolonged 
and persistent expression of  mutant β-catenin throughout the perinatal 
period was inferred by the presence of  the recombined β-catenin allele in 
livers of  β-catΔEx3 mice as early as embryonic day 16 (E16) (Figure 2A). 
In contrast, expression of  the Albumin-c-Myc transgene did not become 
evident until shortly after birth and increased thereafter (Figure 2, B and 
C, and Supplemental Figure 2). This postnatal increase in transgenic Myc 
expression contrasted sharply with endogenous Myc, which, despite being 
abundantly expressed in embryonic and perinatal liver (Figure 2, B, D, 

and E), declined precipitously after birth (Figure 2, B and D). Expression of  mutant β-catenin thus coincid-
ed with 2 temporally distinct pools of  Myc in livers of  β-catΔEx3:Myc mice: an endogenous pool expressed 
in hepatoblasts from approximately E16–P1 (Figure 2F, gray box I) and a transgene-derived pool expressed 
in maturing hepatocytes from approximately P7 onward (Figure 2F, gray box II).

Histological review of  enlarged livers from the β-catenin–expressing strains revealed evidence of  
neoplasia in 15 of  34 (44%) of  the β-catΔEx3:Myc mice (Table 1) but not in any of  the β-catΔEx3 mice. 
All tumors were classified as HBs, hepatocellular carcinomas (HCCs), or hepatic malignant neoplasm 
not otherwise specified (HMN NOS) (Tables 1 and 2), with all bearing striking histological resemblance 
to their human counterparts (Figure 3). Although tumor number and type varied between animals, anal-
ysis of  overall tumor incidence by subtype in the tumor-bearing cohort showed that HBs outnumbered 
HCCs by approximately 15:1 (Table 2). All mouse HBs resembled human epithelial HBs (Figure 3, 
A–H), approximately 90% of  which were designated as well-differentiated fetal HBs (Figure 3, A and C, 
and Supplemental Figure 3, A–D), with the rest presenting as mixed fetal/embryonal (Supplemental Fig-
ure 3, E–G) or moderately differentiated embryonal HBs (Figure 3, E and G, and Supplemental Figure 3, 
H and I). HMN NOS (Supplemental Figure 3J) and anaplastic HCCs (Supplemental Figure 3K), aggres-
sive tumors that develop in older children and young adults, were rare. Well-to-moderately differentiated 
HCCs (Figure 3I and Supplemental Figure 3L) resembling human HCCs (Figure 3J) constituted the 
most prevalent HCC subtype in the mice. Without exception, all tumors developed within livers display-

Figure 3. Comparative histopathology of mouse and human HBs and HCCs. Pho-
tomicrographs of H&E-stained liver sections showing (A, C, E, G, and I) hepato-
blastomas (HBs) and hepatocellular carcinomas (HCCs) that develop in β-catΔEx-
3:Myc mice, (B, D, F, H, and J) with their human counterparts. In all cases, mouse 
tumors bear striking resemblance to human HBs. Well-differentiated fetal HBs 
contained (A and B) eosinophilic or (C and D) clear cells. Extramedullary hemato-
poiesis is present in (A) mouse and (B) human fetal HBs (arrowheads). Embryonal 
HBs with a trabecular growth pattern consisting of small angulated cells with a 
high nuclear/cytoplasmic ratio. Note that, in contrast to the fetal HBs in C and 
D, (E–H) fat or glycogen is absent. Well-to-moderately differentiated (I) mouse 
and (J) human microtrabecular HCCs containing hepatoid cells. Nuclear atypia and 
heterogeneity are evident. Scale bar: 50 μm.
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ing evidence of  substantial injury. Thus, targeted coexpression of  mutant β-catenin and Myc to immature 
hepatic cells in the mouse preferentially drives the development of  well-to-moderately differentiated HBs 
and HCCs in the context of  injured liver.

In highlighting the role of  Myc in human HB (15), Buendia and colleagues used a genetically engineered 
mouse strain that develops liver tumors following activation of  a tetracycline-regulatable liver-specific Myc 
transgene (16) (Tg(tet-O-Myc)36aBop, herein referred to as Tet-O-Myc mice). Although originally described 
as a model of  HCC, subsequent analysis showed that HBs and HCCs develop if  Myc is induced shortly after 
birth, however a comprehensive analysis of  the overall tumor spectrum has not been reported. We therefore 
compared HBs that developed in β-catΔEx3:Myc mice with those that developed in Tet-O-Myc mice follow-
ing induction of  c-Myc at approximately 3–4 weeks of  age, when hepatocyte differentiation is essentially 
complete. In contrast to the rapid appearance of  HBs in young β-catΔEx3:Myc mice following perinatal 
activation of  Myc and β-catenin, HBs did not appear in Tet-O-Myc mice until approximately 16–20 weeks 
of  age, demonstrating a markedly longer tumor latency without coexpression of  the mutant β-catenin allele. 
Moreover, while well-differentiated HBs arose within injured β-catΔEx3:Myc livers, poorly differentiated 
HBs with primitive features, including macrotrabecular (Supplemental Figure 3, M–O) or solid (Supple-
mental Figure 3R) growth patterns and immature tubuloglandular structures (Supplemental Figure 3, P and 
Q), developed in Tet-O-Myc livers that lacked evidence of  injury or lobular disorganization. Thus, while 
Myc overexpression is sufficient to drive the development of  poorly differentiated HBs, forced expression of  
mutant β-catenin with Myc accelerates tumor development and skews the HB spectrum toward well-differ-
entiated tumors.

Figure 4. Immunohistochemical profiling indicates that HBs from β-catΔEx3:Myc and Tet-O-Myc mice are ontogenically distinct. Photomicrographs 
of immunohistochemistry (IHC) of WT livers and tumor-bearing livers of β-catΔEx3:Myc and Tet-O-Myc mice with antibodies specific for (A–C) HNF4α, 
(D–F) AFP, (G–I) DLK1, (J–L) GLUL, (M–O) PCNA, (P–R) CITED1, (S–U) LIN28A, (V–X) LIN28B, (Y–AA) EpCAM, and (BB–DD) SOX9. Hepatoblastomas (HBs) 
from both strains express the oncofetal genes AFP, DLK1, CITED1, and LIN28B but lack expression of SOX9 in all but a few tumor cells (arrows in CC and 
DD). Only embryonal HBs originating in Tet-O-Myc mice express LIN28A and EpCAM. Expression of AFP and GLUL in fetal HBs from β-catΔEx3:Myc mice 
is higher than in HBs from Tet-O-Myc mice, consistent with a higher degree of tumor cell differentiation in the fetal HBs. Note pericentral-restricted 
expression of GLUL (glutamine synthetase) in (J) normal and (L) tumor-adjacent liver in Tet-O-Myc mice, indicating maintenance of normal hepatic 
architecture and zonation in nontumorous liver. The arrow in M highlights a solitary PCNA-positive hepatocyte in liver from a WT mouse, in contrast to 
an abundance of PCNA-positive cells in HBs (N and O). Arrowheads in Y, BB, and DD indicate EpCAM-positive or SOX9-positive bile ducts in WT liver, 
respectively. PV, portal vein; CV, central vein. Dashed lines demarcate tumor boundaries. AEC chromagen (red), hematoxylin counterstain (blue). Scale 
bar: 50 μm. Original magnification for inset in A, ×240.
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As immature cells are more amenable to 
oncogenic transformation and reprogramming 
than their mature counterparts (17), tempo-
ral differences in Myc activation in livers of  
β-catΔEx3:Myc and Tet-O-Myc mice could 
have contributed to the emergence of  distinct 
HB subtypes in each of  the strains. However, 
as cellular responses are also exquisitely sen-
sitive to Myc levels (18), we performed immu-
nohistochemistry (IHC) with a MYC-specific 
antibody to determine whether differences 
in the magnitude of  transgene-derived MYC 
could explain the strain-specific HBs. Anal-
ysis showed that tumor-specific stabilization 
of  nuclear-localized MYC had occurred in 
tumors from both strains relative to WT and 
tumor-adjacent liver (Supplemental Figure 4, 
A, C, E and G), ruling out major differences 
in Myc levels as the cause of  the different HB 
subtypes. As stabilizing β-catenin mutations 
are associated with favorable prognosis in 
adult HCC (19), we also analyzed the subcel-
lular localization of  β-catenin in tumors from 
both strains to determine if  expression of  
the mutant β-catenin allele in β-catΔEx3:Myc 
mice, but not Tet-O-Myc mice, could explain 

the preferential emergence of  well-differentiated HBs in β-catΔEx3:Myc mice. IHC showed that, while 
endogenous β-catenin was correctly localized to the outer cell membrane of  hepatocytes and biliary cells in 
livers of  WT mice (Supplemental Figure 4B), mutant β-catenin was abundantly expressed in the cytoplasm 
of  tumor cells in β-catΔEx3:Myc mice (Supplemental Figure 4, D and F), confirming activation of  Wnt 
signaling. However, membranous β-catenin was barely visible in tumors or adjacent liver (Supplemental 
Figure 4D), with Western blotting confirming that expression of  mutant β-catenin had caused an approxi-
mately 70% reduction in WT β-catenin (Supplemental Figure 5), likely reflecting disruption of  hepatocyte 
adherens junctions. Parallel analysis of  Tet-O-Myc–derived HBs showed that, while membranous β-catenin 

Figure 5. Strategy to identify tumor-enriched 
and β-catenin–regulated hepatic genes. (A and B) 
Schematic showing strategy to identify differential-
ly expressed genes (DEGs). (A) Total RNA isolated 
from livers of 4 WT, 3 β-catΔEx3, and 4 tumor-bear-
ing β-catΔEx3:Myc mice was profiled using Agilent 
SurePrint mouse arrays. (B) Pairwise comparisons 
used to generate lists of β-catenin– (red) and 
β-catenin– and c-Myc–coregulated genes (green). 
Tumor-enriched DEGs (yellow) were identified by 
comparing profiles obtained from β-catΔEx3 livers, 
which never developed tumors, with those from 
tumor-bearing β-catΔEx3:Myc livers. The Venn dia-
gram shows the number of unique and overlapping 
mRNAs identified within and between groups. (C) 
Multidimensional scaling (MDS) plot depicting the 
relationship among the transcriptional profiles of 
WT, β-catΔEx3, and β-catΔEx3:Myc livers. Note that 
β-catΔEx3 and β-catΔEx3:Myc profiles are similar 
to one another due to common expression of the 
mutant β-catenin allele. (D) Heatmap depicting 
hierarchical clustering of DEGs in livers of WT (blue), 
β-catΔEx3 (red), and β-catΔEx3:Myc (green) mice.
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was visible, so too was abundant cytoplasmic β-catenin (Sup-
plemental Figure 4H), indicating that Wnt activation had also 
been selected for during Myc-driven tumor progression. The 
preferential emergence of  HBs over HCCs in β-catΔEx3:Myc 
mice and the selection for Wnt activation in Tet-O-Myc–driven 
HBs strongly suggest that Myc and activated Wnt/β-catenin are 
potent, if  not “preferred,” cooperative drivers of  HB in mice.

Mouse HBs align ontogenically with human HBs. While the 
young age at HB diagnosis and the resemblance of  HB cells to 
immature liver cells are consistent with the idea that human HBs 
originate from hepatoblasts, the emergence of  HBs in Tet-O-Myc 
mice following activation of  Myc in mature hepatocytes sug-
gests that HBs can also originate from differentiated hepatocytes, 
presumably via routes involving dedifferentiation or retrograde 
reprogramming. To determine the extent to which the HBs in 
β-catΔEx3:Myc and Tet-O-Myc mice reflected distinct ontoge-

nies and aligned with their human counterparts, we performed IHC on tumors from both mouse strains 
using a panel of  antibodies against and oncofetal lineage- and stage-specific liver maturation markers (Figure 
4). HBs from both strains expressed markers consistent with a cell identity corresponding to highly prolif-
erative hepatoblasts that had already begun to differentiate toward the hepatocyte lineage and which had 
lost biliary cell identity (Figure 4). Moreover, despite being histologically distinct, HBs from both strains 
generally demonstrated quantitative rather than qualitative differences in the expression of  most markers, 
with only EpCAM, GLUL, and focal LIN28A staining providing discrimination between well-differenti-
ated fetal and poorly differentiated embryonal HBs (Figure 4 and Supplemental Figure 6). As EpCAM is 
primarily expressed in hepatoblasts prior to E14 (20) and GLUL is expressed in hepatoblasts and immature 
hepatocytes from E15 onwards (21), we concluded that EpCAM–:GLUL+ β-catΔEx3:Myc-driven HBs align 
with well-differentiated human HBs, while EpCAM+:GLUL– Tet-O-Myc–derived HBs align with poorly 
differentiated human embryonal HBs, consistent with their histopathological features. Our results suggest 
that although Myc and activated Wnt/β-catenin drive HB development in both strains, tumors likely develop 
via distinct routes. While β-catΔEx3:Myc-driven HBs develop via the maturational arrest of  hepatoblasts or 
immature hepatocytes following perinatal activation of  Myc in a background of  β-catenin–associated injury, 
Tet-O-Myc–derived HBs likely derive from mature hepatocytes that undergo Myc-driven dedifferentiation or 
reprogramming, followed by acquisition of  a gain of  function for Wnt during tumor progression.

The transcriptome of  β-catenin/Myc-driven HBs evokes a fetal-like hepatic gene expression program and epigen-
etic dysregulation. Molecular profiling of  human HBs suggests that oncogenic activation and epigenetic 
derangement against a backdrop of  aberrant Wnt signaling drives pediatric liver tumorigenesis (22). 

Figure 6. Pan-hepatic expression of mutant β-catenin activates 
Nrf2-dependent antioxidant signaling. (A) Gene set enrichment anal-
ysis (GSEA) of β-catenin–regulated genes using gene sets consisting of 
previously annotated Nrf2 target genes and genes linked to glutathione 
metabolism. (B) Semiquantitative (Sq) RT-PCR of β-catenin–regulat-
ed Nrf2 target genes and other genes identified by array. mRNAs are 
elevated in livers expressing β-catenin (lanes 5–8) and are independent 
of Albumin-c-Myc transgene status. (C) Western blot analysis of NQO1 
and p62/SQSTM1 expression in livers of WT (lanes 1 and 2), Alb-c-Myc 
(lanes 3 and 4), β-catΔEx3 (lanes 5 and 6), and β-catΔEx3:Myc (lanes 7 
and 8) mice. In C, the asterisk denotes a lower molecular weight non-
specific band. (D) Sq RT-PCR showing that induction of the Nrf2 mRNA 
targets Nqo1 and Cbr3 and is solely a function of mutant β-catenin 
expression (lanes 11 and 12) and that expression of Cre recombinase, 
either by itself (lanes 4–6) or in combination with the Alb-c-Myc trans-
gene (lanes 9 and 10), does not induce Nrf2 target gene expression. 
In D, the 85bp Nqo1 amplicon migrates just above the excess primers 
in the PCR reaction, denoted by the asterisk. C, Alb-Cre mice; M, Alb-
c-Myc mice; CM, Alb-Cre:Alb-c-Myc bitransgenic mice; β, β-catΔEx-
3:Alb-Cre mice; βM, β-catΔEx3:Alb-Cre:Alb-c-Myc mice.
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To determine the extent to which β-catΔEx-
3:Myc-driven HBs reflected such etiology, we 
performed gene expression and bioinformat-
ics analysis. Because tumors were too small to 
collect for both RNA isolation and histologi-
cal evaluation, total RNA isolated from whole 
livers of  WT, β-catΔEx3, and β-catΔEx3:Myc 
mice with the highest incidence of  HBs were 
profiled using gene expression arrays, as out-
lined in Figure 5A. After obtaining consensus 
expression profiles for each group, pairwise 
comparisons were performed against WT liv-
er to generate lists of  differentially expressed 
genes (DEGs) that were either regulated by 

β-catenin alone (Figure 5B, red box) or coregulated by β-catenin and Myc (Figure 5B, green box) at a lev-
el of  4-fold or greater (Supplemental Table 1). To identify candidate tumor-enriched genes, we generated 
a third list of  putative tumor-enriched DEGs (Supplemental Table 1) that comprised mRNAs demon-
strating 2-fold differential expression after comparing the list of  DEGs obtained from tumor-bearing 
β-catΔEx3:Myc livers with the list obtained from tumor-naive β-catΔEx3 mice (Figure 5B, yellow box).

Multidimensional scaling (MDS) (Figure 5C) and hierarchical clustering (Figure 5D) showed that the tran-
scriptomes of β-catΔEx3 and β-catΔEx3:Myc livers differed substantially from WT liver, yet overlapped with 
each other, reflecting expression of the mutant β-catenin allele in both strains (Figure 5, B–D). Despite this, 
however, 359 mRNAs demonstrated 2-fold or greater differential expression in tumor-bearing β-catΔEx3:Myc 
livers relative to those expressing β-catenin alone, representing genes that were most likely to be tumor enriched 
(Supplemental Table 1). As immunoprofiling had shown high expression of AFP, MYC, DLK1, LIN28B, and 
CITED1 in HBs relative to surrounding liver (Figure 4), we confirmed the presence of their mRNAs in the 
tumor-enriched DEGs and used them as “benchmarks” to predict the likelihood that other genes in the list 
were also tumor enriched, rather than pan-hepatic targets of β-catenin and Myc. Using this strategy, we iden-
tified a large number of genes known to be associated with human HBs or HCCs, including Igf2, Igf2as, and 
H19, as well as platelet-, erythroid-, and neutrophil-specific mRNAs, reflecting HB-associated extramedullary 
hematopoiesis. Other classes of mRNAs demonstrating enrichment included Wnt pathway genes (Wnt4 and 
Wif1), metabolic genes (Phgdh, Ldhb, Hif3a), known liver cancer markers (S100a8, S100a9, Tff3, Gpc3, Igdcc4), 
and several long noncoding RNAs (lncRNAs). mRNAs significantly downregulated in tumor-bearing livers 
included Ajap1 (P = 0.02), Wnt10a (P = 0.002), and Mettl17 (P = 0.0004).

To validate enrichment of  the tumor-specific DEGs and determine if  their induction was a function of  

Figure 7. Nrf2 maintains HB cell proliferation and 
survival in vitro. Hep293TT cells, derived from 
an aggressive human hepatoblastoma (HB) that 
expresses high levels of Nrf2, were transfected 
with control or Nfe2l2-specific shRNAs or siRNAs. 
(A) Western blot analysis and (B) quantitation 
showing efficient knockdown of Nrf2 in Hep293TT 
cells transfected with 4 different Nfe2l2-specific 
shRNAs. (C) Quantitative RT-PCR of NFE2L2/Nrf2 
and Nrf2 target genes in Hep293TT cells transfected 
with an Nfe2l2-specific siRNA. (D) Suppression 
of NFE2L2 reduces Hep293TT cell viability. (E) 
FACS analysis of Hep293TT cells transfected with 
Nfe2l2-specific shRNAs, as determined by flow 
cytometry of propidium iodide–stained cells, 
showing that NFE2L2/Nrf2 knockdown induces a 
G2/M cell cycle arrest. Colors of the areas under the 
curves depict cells in G0/G1 (green); S (yellow) or 
G2/M (blue).Error bars in C and D represent SDs of 3 
independent experiments. P values were generated 
using a 2-tailed unpaired t test.
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mutant β-catenin, Myc, or both, we performed semiquantitative (sq) RT-PCR using cDNA prepared from 
livers of  4- to 6-week-old WT and tumor-bearing β-catΔEx3:Myc mice and each of  the parental strains. 
Analysis confirmed that Dlk1, Igf2, S100a9, Peg3, Phgdh, Afp, Igdcc4 (Nope), Wnt4, and Cited1 were all ele-
vated in tumor-bearing livers coexpressing β-catenin and Myc relative to β-catenin alone (Supplemental 
Figure 7), confirming broad alignment of  the HB transcriptome with that of  fetal liver. Unexpectedly, Dlk1, 
Igf2, S100a9, Peg3, Afp, Igdcc4 (Nope), Phgdh, and Wnt4 were elevated in livers of  parental Alb-Myc mice, 
while Afp and Igdcc4 (Nope) were elevated in livers of  β-catΔEx3 mice. Cited1, a highly expressed HB marker 
(Figure 4), was one mRNA whose expression was markedly elevated in livers coexpressing β-catenin and 
c-Myc relative to either of  the parental strains. Given that 8 of  9 of  the most highly expressed tumor-en-
riched DEGs were already elevated in the livers of  tumor-naive Alb-Myc mice, we concluded that Myc 
sets the stage for tumorigenesis by altering hepatic gene expression and cell fate long before morphological 
evidence of  neoplasia is evident and that Myc is the dominant tumorigenic driver in this strain.

To gain insight into the functional significance of  the tumor-enriched DEGs, we performed ingenu-
ity pathway analysis (IPA) and gene set enrichment analysis (GSEA). IPA identified the Wnt/β-catenin 
signaling pathway as the most significantly altered pathway (Supplemental Table 2), indicating hyperacti-
vation of  Wnt signaling in tumors relative to surrounding liver, despite pan-hepatic expression of  mutant 
β-catenin. IPA functions and pathways assigned to the tumor enriched DEGs (Supplemental Table 2) dif-
fered substantially from those assigned to the larger list of  DEGs co-regulated by mutant β-catenin and 
Myc (Supplemental Table 3), providing further discrimination between the transcriptomes of  tumors and 
tumor-adjacent liver in β-catΔEx3:Myc mice. Agranulocyte/granulocyte adhesion, diapedesis, and fibrosis 
were also specified, emphasizing HB development in a background of  hepatic injury and inflammation. 
GSEA highlighted perturbations in mitosis/cell cycle progression; cell communication; p53-, Kras-, and 
polycomb-regulated gene expression; and the cellular stress response (Supplemental Figure 8A). Given that 
Myc-associated genes were overrepresented in the tumor-enriched DEGs, we compared and contrasted 
GSEA-assigned functional classifications of  all 3 DEG lists to determine Myc’s contributions to tumor 
development. Using this strategy, we determined that Myc positively affected chromatin modification, 
mRNA processing, mitosis, and mitochondrial biogenesis and suppressed the DNA damage response (Sup-
plemental Figure 7B), indicating that Myc promotes HB, in part, by effecting early wholesale changes in 
hepatic gene expression via epigenetic reprogramming and by promoting mitochondrial biogenesis and 
genomic instability.

Persistent expression of  mutant β-catenin generates a field of  pan-hepatic Nrf2-dependent antioxidant signaling. 
While bioinformatics identified Myc as the dominant driver of  HBs in β-catΔEx3:Myc mice, it failed to 
identify clear protumorigenic functions of  mutant β-catenin, forcing us to focus on functional assignments 
for the β-catenin–regulated genes to gain insight into it’s contributions to tumor development (Supplemen-
tal Table 4 and Supplemental Figure 8C). At first glance, we noticed that mitotic and cell cycle–associated 
signatures that typically accompany hyperplastic liver growth were absent (23), indicating that β-catenin–
associated hepatomegaly was unlikely to reflect the direct mitogenic stimulation of  hepatocytes. Instead, 
IPA identified inflammatory-mediated suppression of  RXR as the most prominent signature (Supplemental 
Table 4). GSEA highlighted hepatic immune function and protein oligomerization as functional targets of  
mutant β-catenin action and, as previously reported (24), identified LEF1- and p53-dependent transcription 
as positively and negatively enriched oncogenic signatures, respectively (Supplemental Figure 8C). Howev-

Table 1. Penetrance of liver tumor development in β-catΔEx3:Myc mice

No. of mice analyzed Average age of 
mice (d)

No. of mice analyzed (% of total) No. of mice with a specific tumor spectrum  
(% of mice with tumors)

Tumor free With tumors HBsA HBsB only OtherC tumors 
only

HBsD plus other 
tumors

34 27 19 (56) 15 (44) 10 (67) 4 (27) 5 (33) 6 (40)

HBs are the dominant tumor type in β-catΔEx3:Myc mice. ANo. of mice that developed HBs either with or without other tumor types. BNo. of mice in which 
HBs were the only tumor type present. CNo. of mice in which tumors other than HBs were the only tumor types present. DNo. of mice in which HBs and other 
tumors were present in the same liver.
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er, most striking of  all was that IPA (Supplemental Table 4) and GSEA (Figure 6A and Supplemental Fig-
ure 8C) both identified Nfe2l2/Nrf2 antioxidant signaling as a significantly enriched function. Given that 
Nrf2 is activated in response to different types of  cellular stress and is chronically activated in a wide range 
of  human cancers (25), we authenticated the Nrf2 signature by performing sq RT-PCR for Nrf2 and non-
Nrf2 targets in the β-catenin–regulated DEG list (Figure 6B and Table 3). In all cases, induction of  mRNA 
was seen in β-catenin–expressing livers relative to WT. Interestingly, although Nrf2 has been reported as a 
target of  Myc (26), Nrf2 target gene induction was not observed in livers of  the parental Alb-Myc or Alb-
Cre strains or any mice that lacked expression of  the mutant β-catenin allele (Figure 6D), confirming that 
Nrf2’s transcriptional program was uniquely activated in livers expressing mutant β-catenin

To pinpoint the exact nature of  the cellular stress elicited by mutant β-catenin, we used a commercially 
available array (RT2 Profiler) to profile gene sets reflecting specific types of  cellular stress. Results showed 
that β-catenin induced a multitude of  mRNAs encoding cytoprotective genes involved in glutathione and 
antioxidant homeostasis (Supplemental Table 5), consistent with IPA and GSEA, which identified a pre-
ponderance of  processes related to xenobiotic metabolism, glutathione-mediated detoxification, oxidative 
stress (Supplemental Table 4), and glutathione metabolism (Figure 6A). This was in direct contrast with 
Myc, which preferentially affected mRNAs involved in the DNA damage response, cell death, and, to 
a lesser extent, inflammation, most notably Il-6 (Supplemental Table 5). Profiling using a second array 
enriched for genes specifically involved in counteracting oxidative stress, many of  which are known Nrf2 
targets, confirmed that mutant β-catenin, but not Myc, activated Nrf2 (Supplemental Table 6). Interestingly, 
Sqstm1, an autophagy adaptor that is not only a transcriptional target of  Nrf2 but which also forms part of  
a self-amplifying regulatory loop that positively regulates Nrf2 (27), was upregulated in β-catenin livers at 
the mRNA and protein level (Figure 6C and Supplemental Table 6). Myc and mutant β-catenin thus exert 
a multilayered level of  transcriptional control over hepatic gene expression to promote HB development, 
wherein Myc alters epigenetic regulation of  gene expression and promotes genomic instability within a 
background of  β-catenin–mediated injury and Nrf2/Nqo1-mediated antioxidant signaling.

Myc and Nrf2/Nqo1 are activated in human HB. Having established the dominant role of  Myc in driving 
mouse HBs and identifying Nrf2 signaling as a secondary consequence of  mutant β-catenin expression, 
we investigated the extent to which human HBs display evidence of  Nrf2 activation or overexpress Myc. 
Using antibodies specific for Myc and NQO1, a known surrogate for Nrf2 activation, we performed IHC 
on a tissue microarray containing duplicate paraffin cores of  14 clinically annotated human HBs, all but 

one of  which demonstrated evidence of  Wnt acti-
vation based on cytoplasmic β-catenin localization 
(data not shown), 3 normal human livers, and a 
normal human tonsil collected from patients treated 
at Children’s Medical Center, Dallas, Texas, USA, 
between 1993 and 2006 (28). IHC for MYC showed 
that normal liver was either negative or borderline 
positive for MYC, in contrast to normal tonsil, 
which expressed moderately high levels of  Myc 
(Supplemental Figure 9 and Supplemental Table 
7). Remarkably, half  (7 of  14) of  the HBs showed 
moderate or intense nuclear staining for MYC in the 
tumor epithelium but not in the stroma, while the 

Table 2. Spectrum of liver tumor development in β-catΔEx3:Myc mice

No. of tumors analyzed 
(all tumor types)

HBs Other tumors Ratio of HBs to 
other hepatic 

neoplasms
No. Subtype No. Subtype

F F/E E Trab HCC Anap HCC HMN NOS
234 219 200 15 4 15 9 2 4 ~15:1

F, fetal HB; F/E, mixed fetal/embryonal HB; E, embryonal HB; Trab HCC, trabecular HCC; Anap HCC, anaplastic HCC; HMN NOS, hepatic 
malignant neoplasm not otherwise specified.
 

Table 3. Additional Nrf2-dependent mRNAs induced in livers expressing  
mutant β-catenin

Additional Nrf2 target mRNAs induced in livers 
expressing mutant β-catenin

Fold increase (β-catΔEx3:Myc 
vs. WT)

Gstm1, Gstm4, Prdx6 >5
Blvrb, Srxn1, Gstm3, Slc1a1 >10
Mgst2, Abcc4 >20
Slc7a11 >40
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remainder expressed only negligible MYC. Notably, in MYC-positive HBs containing both fetal and embry-
onal elements, the trend was for higher MYC expression and a greater number of  MYC-positive cells in 
the embryonal component relative to the fetal component. IHC for NQO1 showed that normal hepatocytes 
lacked detectable expression, while bile ducts expressed moderate amounts of  NQO1 in the cytoplasm 
(Supplemental Figure 9 and Supplemental Table 7). Of  the 14 HBs, 8 (57%) showed elevated expression of  
NQO1, although expression varied between HBs and was heterogeneous within HBs. Consistent with the 
association of  the Nrf2 signature with β-catenin but not Myc in mouse liver, only 4 tumors stained positive 
for NQO1 and Myc, indicating that elevated NQO1 expression was unrelated to Myc status in human HB 
(Pearson correlation coefficient, r = 0.29; P > 0.05).

Having found that >50% of  the HBs had inferred activation of  Nrf2, based on NQO1-positive staining, 
we assessed the functional significance of  Nrf2 for HB growth and viability in vitro by using RNA interfer-
ence to target Nrf2 in Hep293TT cells, a cell line derived from an aggressive Wnt-activated human HB (29), 
with elevated Nrf2 expression due to copy number gains in the NFE2L2 gene (Figure 7 and Supplemental 
Table 8). Knockdown of  Nrf2 in Hep293TT cells not only reduced the level of  Nrf2 protein and mRNA 
(Figure 7, A–C) and its target genes (Figure 7C), but also significantly reduced tumor cell viability (Figure 
7D) and stalled HB cell proliferation by inducing a G2/M arrest (Figure 7E), indicating that Nrf2 sustains 
HB cell growth and survival.

Discussion
Unlike adult cancers that develop from the acquisition of  multiple genomic insults over time, pediatric can-
cers often display remarkably few mutations (30), a characteristic that is thought to reflect the rapid evolution 
of  childhood cancers from abnormal tissue environments during development. In the case of  HB, a tumor 
with one of  the lowest mutation rates of  all cancers (13), aberrant activation of  Wnt signaling is virtually 
universal, although generally not sufficient to drive liver tumorigenesis. In this study, we set out to determine 
if  Myc, an oncogenic transcription factor previously implicated in the development of  human HBs (15), 
cooperated with mutant β-catenin to drive HBs when the expression of  both genes was targeted to the imma-
ture mouse liver. Here, we not only show that Myc indeed efficiently partners with mutant β-catenin to pref-
erentially drive the development of  mouse HBs over other liver tumor types, but that the HBs that develop 
align histologically and molecularly with their human counterparts and emerge before liver development is 
complete, mirroring onset in children. That Wnt activation is also selected for during Myc-driven hepatocar-
cinogenesis further suggests that Wnt/β-catenin and Myc are potent, perhaps even “preferred,” collaborators 
for HB development in mice. In delineating the contributions of  both oncogenes to HB development, we 
identified Myc as the dominant determinant of  the HB transcriptome and defined at least one mechanism 
by which mutant β-catenin likely contributes to liver tumor development, namely by indirectly inducing a 
protumorigenic field involving pan-hepatic activation of  Nrf2/Nqo1 antioxidant signaling.

The rapid onset of  tumors in neonates following perinatal activation of  β-catenin and Myc, coupled 
with the fetal liver–like molecular profiles of  the HBs in β-catΔEx3:Myc mice, point to hepatoblasts/imma-
ture hepatocytes, the postulated cells of  origin for human HBs, as being the HB-initiating cells in this strain. 
In this setting, perinatal activation of  the Albumin-Myc transgene likely counteracts the developmentally 
programmed decline in endogenous Myc to sustain the proliferation and survival of  immature mutant 
β-catenin–expressing hepatic cells that would otherwise arrest or die (31). However, this is unlikely to be 
the case in Tet-O-Myc mice or other mouse models that develop HBs following oncogene activation in 
mature hepatocytes (32, 33), raising the question of  whether HB transcriptomes and immunoprofiles reflect 
a hepatoblast cell of  origin or the end result of  dedifferentiation or reprogramming of  mature hepatocytes 
(34). While an abundance of  experimental evidence indicates that aberrant activation of  Wnt/β-catenin 
alone is not sufficient for HB development, this has recently been challenged by the creation of  a genetically 
engineered mouse strain that develops HBs and HCCs when mutant β-catenin is targeted to rare hepatic 
progenitor cells that express the CBP/p300 transcriptional coactivator protein and Myc target, Cited1 (35, 
36). Although the experimental strategy used to target β-catenin to the liver in this strain differs from ours, 
in both instances, the timing of  β-catenin activation overlaps with a period of  high fetal liver expression 
of  Myc (37). As HBs derived from mutant β-catenin–expressing CITED1+ cells express high levels of  Myc 
(36) and because β-catΔEx3:Myc-driven HBs expressed high levels of  Cited1 (this study), we offer up the 
possibility that tumors from both strains originate from a subset of  mutant β-catenin–expressing CITED1+-

MYC+ hepatic precursors, a highly specific cellular context in which mutant β-catenin might be sufficient 
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to drive tumor development by acting as a lineage survival oncogene (38). Fate-mapping studies will be 
required to determine if  HBs can develop from cells with widely differing differentiation potentials via 
maturation arrest, reprogramming, or dedifferentiation.

Our data showing that Nrf2 activation is associated with chronic expression of  mutant β-catenin con-
verges with data showing that approximately 10% of  human HBs (13) and approximately 6% of  β-catenin–
mutated human HCCs (39–41) harbor recurrent somatic gain-of-function mutations in NFE2L2, the gene 
that encodes Nrf2. Although this represents a low percentage of  tumors, we reiterate that 57% of  the human 
HBs in our tissue array overexpressed the prototypic Nrf2 target, NQO1, a result that is in agreement with  
a similar study that investigated Nqo1 mRNA expression in HBs (13). Taken together, these results indicate 
that Nrf2 activation occurs in a much higher proportion of  HBs than is predicted on the basis of  NFE2L2 
mutational status alone, likely reflecting alternative modes of  Nrf2 pathway activation (42).

The link between Nrf2 and oncogenic β-catenin is interesting in light of  the fact that evidence of  under-
lying liver disease, a known generator of  oxidative stress, is generally absent in HB patients at the time of  
diagnosis. Nevertheless, a link between oxidative stress and HB has been proposed on the basis of  epide-
miological studies that show that premature and low birth weight infants, most of  which spend extended 
periods in neonatal intensive care units (NICUs), have an approximately 20-fold elevated risk of  HB (43, 44). 
Routine NICU treatments, including the provision of  supplemental oxygen and administration of  an array 
of  life-sustaining drugs, place a particularly high burden on the immature liver and have the potential to 
either induce or exacerbate preexisting oxidative stress (45). Alternatively, collateral damage to the fetal liver 
caused by intrauterine hypoxia, hazardous environmental exposures, or medications taken by the mother 
during pregnancy may activate prosurvival pathways to limit damage to the developing liver. As the entire 
liver is likely to be affected in all of  these scenarios, this suggests the possible existence of  a “field canceriza-
tion” effect in the etiology of  HB. Field cancerization is defined as a histologically unremarkable change that 
predisposes all or part of  a tissue to neoplastic progression (46). It is perhaps best exemplified in lung cancer, 
in which smoking-associated damage in the airway epithelium establishes a preneoplastic field from which 
tumors later emerge (47). Indeed, recent studies show that half  of  patients with early-stage non–small-cell 
lung cancer harbor the same allelic imbalances in histologically normal tumor-adjacent airway cells that are 
present in tumors (48). Based on our finding that Nrf2 antioxidant signaling was active β-catΔEx3 livers as 
well as in tumor-naïve and tumor-bearing livers of  β-catΔEx3:Myc mice, we propose that Nrf2/nqo1 con-
stitutes a major component of  a preneoplastic field orchestrated by mutant β-catenin that drives Myc-driven 
HB development by promoting the survival of  stressed cells. Support for this concept derives from studies 
showing that hepatic injury provokes activation of  β-catenin (49), Myc (50, 51), and Nrf2 (52) and that hep-
atotoxins accelerate oncogene-driven hepatocarcinogenesis (53). Indeed, very recent data demonstrate that 
p62/sqstm1, a known Nrf2 target that was elevated 3- to 4-fold in livers expressing β-catenin, constitutes part 
of  such a field that sensitizes livers to diethylnitrosamine-induced HCC (54). Collectively, these data support 
the idea that a subset of  HBs may evolve from hepatic cells that spontaneously acquire oncogenic mutations 
over time that drive tumor development in a normal liver, while others may have an etiology rooted in oxi-
dative stress emanating from prior hepatic injury or inflammation and develop from cells that survive and 
outgrow their “less fit” neighbors. In the latter scenario, the preexistence of  such a field could accelerate 
tumorigenesis by lowering the threshold for neoplastic progression in an immature liver; this, perhaps in 
part, explains why some HBs harbor as few as 2–3 somatic mutations (13).

While the growing association between Nrf2 and β-catenin opens up new therapeutic opportunities 
for the treatment of  Wnt-activated pediatric liver cancers, we emphasize that caution should be taken in 
light of  studies highlighting the complex relationship between Wnt/β-catenin and oxidative stress (55, 
56). Moreover, conflicting reports on Nrf2’s role in liver regeneration (57, 58) and the interplay among 
inflammation, ROS, and cancer (58–61) warrant further studies to determine if  Nrf2’s antioxidant program 
actively drives HB growth or is crucially enacted to limit β-catenin–induced injury and inflammation.

Finally, since being identified as a prominent oncogenic signature associated with aggressive human 
HBs (15), the concept of  Myc as a driver of  pediatric liver tumors has received scant attention, despite 
the fact that liver tumor “addiction” to Myc (16) presents a unique opportunity for therapeutic interven-
tion. While the reasons for this are not entirely clear, the “undruggability” of  Myc, coupled with the fact 
that Myc is neither a transcriptional target of  Wnt in the liver (11) nor required for Wnt-dependent liver 
growth (62) may have diverted interest away from targeting Myc in HB. Moreover, as tumors frequently 
show hyperstabilization of  Myc, mRNA profiling of  HBs in the absence of  follow up analysis of  Myc at 
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the protein level runs the risk of  underestimating and diminishing the significance of  this oncogenic tran-
scription factor in HB (63, 64). However, in light of  the fact that Myc emerged as the dominant driver of  
HBs in this study and that Myc is overexpressed in chemically induced mouse HBs (65) as well as in HBs 
and HCCs that develop in mouse models following expression of  oncogenes other than Myc (33, 36), we 
propose that Myc serves as a central signaling hub for an array of  other oncogenic HB drivers, making it 
a potentially important therapeutic target in HB that could benefit from the array of  promising new drugs 
that target Myc and its network (66, 67). Therefore, the feasibility of  adopting Myc inhibitory strategies for 
the treatment of  pediatric liver cancers and other embryonal tumors with evidence of  Myc amplification/
overexpression should be explored.

Methods
Mouse strains, generation of  β-catΔEx3:Myc mice, genotyping, and recombination. Mice coexpressing mutant 
β-catenin and Myc in the liver (mixed C57BL6J/SJL/129S6 genetic background) were generated by 
breeding mice harboring a conditional mutant β-catenin  (β-cat+/lox(Ex3)) allele (CTNNB1tmMmt) (12) to 
Alb-c-Myc transgenic mice [Tg(Alb-1, Myc)82Bri] (68). Compound β-cat+/lox(Ex3):Myc mice were then 
bred to Albumin-Cre transgenic mice [Tg(Alb-1, cre)21Mgn] (69) to generate β-catΔEx3:Myc mice that 
coexpressed Myc and one copy of  the exon-3-deficient β-catenin allele in the liver. Male and female mice 
between the ages of  21 and 42 days were analyzed. Genotyping of  mice and assessment of  Cre-mediated 
recombination were conducted by PCR using primers and conditions listed in Supplemental Table 9.

Analysis of  liver function. Biochemical analysis of  liver function was performed on heparin-treated plas-
ma by the University of  Texas Southwestern Metabolic Core Facility using a Vitros 250 bioanalyzer. Plas-
ma was isolated from ≥3 individual mice/group.

Tumor incidence and histopathology review. Tumor incidence was determined by counting the number of  
tumors and tumor types in 5-μ-thick H&E-stained sections of  formalin-fixed liver. In each case, approxi-
mately 25% of  the liver, consisting of  approximately 7 to 9 pieces or 14 to 18 pieces (~1 cm3) in the case of  
very large livers, was fixed in 10% buffered formalin and embedded in paraffin. Total tumor number was 
determined by counting the tumors in all of  the sectioned liver pieces but was not extrapolated to account 
for the remaining liver. Histopathology review was conducted independently by MJF, DR, and/or DLT. A 
final consensus was reached following secondary review by DR and SAC or REH.

IHC. IHC was performed as described previously (23) using reagents and conditions listed in Supple-
mental Table 10. Where indicated, microwave antigen retrieval was performed using citrate buffer (pH 6) or 
10 mM Tris/1 mM EDTA/0.05% Tween 20 (pH 8).

Scoring of  IHC staining for MYC and NQO1 in human HBs, normal human liver, and tonsil. Each core was 
assigned overall MYC or NQO1 scores ranging from 0 to 5 based on the relative proportion of  positive 
cells and intensity of  protein staining within each core. Threshold criteria used for designating samples as 
positive or negative for MYC or NQO1 staining are described in Supplemental Table 7.

Preparation of  liver proteins, liver RNA, Northern blotting, and Western blotting. Preparation of  liver proteins 
and total liver RNA and for Northern and Western blotting was performed as previously described (23). 
Antibodies used for Western blotting are listed in Supplemental Table 10.

Gene expression profiling and determination of  DEGs. Gene expression analysis was conducted using Sure-
Print G3 Mouse GE 8x60K arrays (Agilent G4852A) containing 39,430 Entrez Gene RNAs and 16,251 
lncRNAs using total RNA isolated from the livers of  3 WT mice, 3 mice expressing β-catenin alone, 
and 4 mice coexpressing β-catenin and c-Myc with multifocal tumor development. RNA integrity and 
quality were evaluated using an Agilent 2100 bioanalyzer (Agilent Technologies Inc.). Each liver RNA 
was analyzed on a separate Agilent slide. After processing, microarrays were scanned using an Agilent 
microarray scanner, and gene expression data were extracted using Agilent Feature Extraction software. 
Probe annotation of  whole genome mouse microarrays was downloaded from the manufacturer’s web-
site (https://earray.chem.agilent.com/earray/). Of  the 59,305 probes remaining after removal of  control 
probes, 43,054 represented 24,164 unique genes and 16,251 represented 4,622 unique lncRNAs. Intensity 
measurements corresponding to gene expression levels were preprocessed with quantile normalization to 
eliminate array-array variation. Differential expression was detected using Student’s t test at the individual 
gene level and selected according to the following criteria: (a) fold change of  > 4 for DEGS regulated by 
β-catenin (red box, Figure 5B) or jointly regulated by β-catenin and Myc (green box, Figure 5B) and > 
2-fold change for putative tumor enriched DEGs (yellow box, Figure 5B); (b) multiple test adjustment 
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(by Benjamini-Hochberg correction for multiple tests, ref. 70; P < 0.05 for significant DEGs); and (c) 
average intensity from at least 1 group of  greater than 4 (log2). Additional P values for other differential 
gene expression assessments were also obtained, including rank-sum test and pi value, a unique statistic 
that combines the t test’s P value and fold change (71). Multi-dimensional scaling (MDS) was performed 
by applying a MDS algorithm to the gene expression data to visualize the relationship (Pearson coeffi-
cient) between samples (72). To visualize gene expression changes, a hierarchical clustering algorithm was 
applied to the gene expression data by average linkage and Pearson correlation coefficient and used to 
generate similarity measurements.

Gene set enrichment and other functional bioinformatics analyses. DEGs obtained from the different liver 
transcriptome comparisons were as follows: (a) β-catenin (β-catΔEx3) versus WT (red box, Figure 5B): 
1434 probes corresponding to 1020 unique genes (> 4-fold change and pi-value > 4). Among these, 415 
unique genes were significantly altered with an adjusted P < 0.05. (b) β-catenin and Myc (β-catΔEx3:-
Myc) versus WT (green box, Figure 5B): 1710 probes corresponding to 1221unique genes, (> 4-fold change 
and pi-value > 4). Among these, 963 unique genes were significantly altered with an adjusted P < 0.05. 
(c) β-catenin and Myc versus β-catenin (β-catΔEx3:Myc versus β-catΔEx3) (yellow box, Figure 5B): 454 
probes corresponding to 359 unique genes (> 2-fold change and pi-value > 2). Among these 108 unique 
genes were significantly altered with a raw P < 0.01. Functional analysis was performed using QIAGEN’s 
Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, www.qiagen.com/ingenuity) and Gene Set 
Enrichment Analysis (GSEA) (http://www.broadinstitute.org/gsea) (73, 74). All 3 gene lists for the puta-
tive tumor enriched DEGs (yellow box, Figure 5B), DEGs regulated by β-catenin (red box, Figure 5B) or 
DEGs co-regulated by β-catenin and Myc (green box, Figure 5B) are available in Supplemental Table 1. 
Data have been deposited in NCBI’s Gene Expression Omnibus (GEO) and are accessible through GEO 
Series accession number GSE79084.

Post-array validation of  mouse liver mRNA expression by sq RT-PCR. 1 μl of  cDNA synthesized from DNase 
1–treated total mouse liver RNA was used as a template for sq PCR amplification using TAq Polymerase 
(Qiagen) and primers and conditions listed in Supplemental Table 11. Confirmation of  differential expres-
sion was obtained by running half  of  the PCR product on an agarose gel and quantifying band intensity 
using ImageJ (NIH) software.

Hep293TT cell culture, shRNA- and siRNA-mediated knockdown of  NFE2L2, and immunoblotting. For shR-
NA-mediated knockdown of  NFE2L2, Hep293TT cells were cultured in RPMI 1640 supplemented with 
10% FBS, 1 mM sodium pyruvate, 25 mM HEPES buffer, and 1% antibiotics in a humidified incubator 
at 37°C with 5% CO2. Cells were transiently transfected with nonsilencing shRNA or 4 different shRNAs 
targeting NFE2L2 using Lipofectamine 2000. Cells were harvested 72 hours after transfection, and Nrf2 
protein levels were assessed by Western blotting. Whole-cell lysates were prepared in NENT buffer (100 
mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 20 mM Tris-HCl [pH 8.0]) containing a 2× concentration of  
protease inhibitor cocktail (Thermo scientific) and cleared by centrifugation at 16,000 g for 30 minutes at 
4°C. 30 μg of  total protein was subjected to 10% SDS-PAGE gel electrophoresis and transferred to PVDF 
membranes (Millipore) using a semidry method. Membranes were blocked for 1 hour in 5% nonfat milk/
Tris-buffered saline (TBS) containing 0.1% Tween-20 and incubated with primary antibodies (NFE2L2, 
Abcam; ab62352) and β-actin (Sigma-Aldrich; A5316)) overnight at 4°C. Membranes were washed (3 times 
for 10 minutes each) in TBS containing 0.3% Tween-20 and incubated with appropriate secondary anti-
bodies for 2 hours at room temperature. Immunoreactive bands were visualized with Immobilon West-
ern Chemiluminescent HRP Substrate (Millipore). shRNAs typically resulted in approximately 70%–80% 
knockdown of  endogenous Nrf2 protein. shRNAs were obtained from Open Biosystems.

The following shRNA sequences were used: control nonsilencing shRNA, 5′-CTTACTCTCGC-
CCAAGCGAGAG-3′; shRNA 1 (V2LHS64258), 5′-GCATTAAAGCAGCGTATC-3′; shRNA 2 (V2LHS 
238788), 5′-GCATTAAAGCAGCGTATC-3′; shRNA 3 (V3LHS 306092), 5′-GCATTAAAGCAGCG-
TATC-3′; and shRNA 4 (V2LHS 239104), 5′-GCATTAAAGCAGCGTATC-3′.

For siRNA-mediated knockdown of  NFE2L2, Hep293TT cells (2.5 × 105 cells/well) were seeded into 
6-well plates for 24 hours, after which they were transfected with 100 nM of  NFE2L2 siRNA (Qiagen) 
using Lipofectamine RNAiMAX reagent. 72 hours after transfection, RNA was extracted and used to 
quantify NFE2L2 and target gene mRNA levels by quantitative PCR.

The following siRNA sequences were used: sense strand, 5′-CAUUGAUGUUUCUGAUCUATT-3′, 
and antisense strand, 5′-uagaucagaaacaucaauggg-3′.
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Imaging and quantitation. Ethidium bromide–stained gels and Northern blot and Western blot films 
were imaged using ImageJ (NIH) software. mRNA and protein expression were quantified by determining 
fold changes after first normalizing signal intensities to Ppia (cyclophilinA) for sq RNA analysis of  cDNA, 
18S rRNA or albumin for Northern blot RNA analysis, and GAPDH or β-actin for Western blot analysis.

Cell viability and cell cycle analysis. Hep293TT cell proliferation was measured using the CellTiter-Glo 
Luminescent Cell Viability Assay Kit (Promega) according to the manufacturer’s instructions. Hep293 TT 
cells (5,000 cells/well) seeded in 96-well plates were transfected with shRNAs. 72 hours after transfection, 
CellTiter-Glo reagent was added and luminescent intensity was measured using SpectraMax 5 (Molecular 
Devices). For analysis of  cell cycle phase distribution, shRNA-transfected cells were harvested 72 hours 
after transfection and fixed with ice-cold 70% ethanol. Cells were washed with Dulbecco’s PBS and incu-
bated in buffer containing propidium iodide (50 μg/ml) and RNaseA (20 μg/ml) for 30 minutes at room 
temperature. Cell cycle analysis was performed using a FACS Calibur Flow cytometer (BD Biosciences).

Quantitative real-time PCR of  Hep293TT mRNA expression. Total RNA was extracted using TRIzol reagent 
(Invitrogen). Genomic DNA contamination was eliminated by DNase 1 digestion (RNase-Free DNase, 
Qiagen), and RNA was further purified using an RNeasy MinElute Cleanup kit (Qiagen). Purified RNA 
was reverse transcribed using an iScript cDNA Synthesis kit (Bio-Rad). For real-time qPCR analysis, 4 μl 
of  1:20 diluted cDNA was amplified and monitored using the Quantitect SYBR Green PCR Kit (Qiagen) 
on an ABI PRISM 7500 Sequence Detection System (Applied Biosystems). Data analysis was conducted 
using the ΔΔCT method with 18S rRNA as the normalization gene. Dissociation curves confirmed the pres-
ence of  a single specific PCR product.

The following primer sequences were used: NFE2L2 forward, 5′-GACATGGATTTGATTGACAT-3′; 
NFE2L2 reverse, 5′-CTGGGAGTAGTTGGCAGATCC-3′; GPX2 forward, 5′-GGTAGATTTCAATAC-
GTTCCGGG-3′; GPX2 reverse, 5′- TGACAGTTCTCCTGATGTCCAAA-3′; GPX3 forward, 5′-AGAG-
CCGGGGACAAGAGAA-3′; GPX3 reverse, 5′-ATTTGCCAGCATACTGCTTGA-3′; NQO1 forward, 
5′-GAAGAGCACTGATCGTACTGGC-3′; NQO1 reverse, 5′-GGATACTGAAAGTTCGCAGGG-3′; 
SRXN1 forward, 5′-CAGGGAGGTGACTACTTCTACTC-3′; SRXN1 reverse, 5′-CAGGTACACCCT-
TAGGTCTGA-3′; SQSTM1 forward, 5′-GCACCCCAATGTGATCTGC-3′; SQSTM1 reverse, 5′-CGC-
TACACAAGTCGTAGTCTGG -3′; 18S rRNA forward, 5′-CCGACCAGAGCGAAAGCAT-3′; and 18S 
rRNA reverse, 5′-CCTCCGACTTTCGTTCTTGATT-3′.

Microarray data. The data discussed in this manuscript have been deposited in NCBI’s Gene Expres-
sion Omnibus (GEO) and are accessible through GEO Series  accession number GSE79084.

Statistics. Statistical significance of  results between groups was determined by 2-tailed Student’s t test. 
Statistical differences were considered significant if  P < 0.05. All data are represented as mean ± SD or 
SEM (as indicated). For graphs, statistical analysis was performed using Prism GraphPad software. Specific 
P values are included on figures or in figure legends.

Study approval. All animal experiments were approved by the University of  Texas Southwestern Institu-
tional Animal Care and Use Committee.
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