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Hepatoblastoma is the most common pediatric liver malignancy, typically striking children within the first
3 years of their young lives. While advances in chemotherapy and newer surgical techniques have improved
survival in patients with localized disease, unfortunately, for the 25% of patients with metastasis, the overall
survival remains poor. These tumors, which are thought to arise from hepatic progenitors or hepatoblasts,
hence the name hepatoblastoma, can be categorized by histological subtyping based on their level of cell
differentiation. Genomic and histological analysis of human tumor samples has shown exon-3 deletions or
missense mutations in gene coding for B-catenin, a downstream effector of the Wnt signaling pathway, in up
to 90% of hepatoblastoma cases. The current article will review key aberrations in molecular pathways that
are implicated in various subtypes of hepatoblastoma with an emphasis on Wnt signaling. It will also discuss
cooperation among components of pathways such as -catenin and Yes-associated protein in cancer develop-
ment. Understanding the complex network of molecular signaling in oncogenesis will undoubtedly aid in the
discovery of new therapeutics to help combat hepatoblastoma.
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HEPATOBLASTOMA: BACKGROUND
Incidence and Risk Factors

Hepatoblastoma is the most common pediatric liver
cancer accounting for 80% of malignant liver tumors in
childhood. The incidence is estimated at 1.2—1.5/million
children per year, comprising about 1% of all pediatric
cancers'”. The rarity of this tumor poses challenges to
therapeutic advances, as limited resources make investiga-
tion into disease pathology more difficult. Fewer patients
transcend into fewer biological samples for study and
lower levels of enrollment for clinical trials. Just recently,
the four major pediatric liver cancer treatment groups

worldwide—The International Childhood Liver Tumour
Strategy Group (SIOPEL), The Children’s Oncology
Group (COG) [formerly the Pediatric Oncology Group
(POG) and the Children’s Cancer Group (CCG)], the
German Society of Pediatric Oncology and Haematology
(GPOH), and the Japanese Study Group for Pediatric Liver
Tumors (JPLT)—have come together to share data and form
a consensus group called the Children’s Hepatic Tumors
International Collaboration (CHIC) in order to pool data
and identify risk factors that would otherwise be difficult
to identify due to the rarity of this tumor’. This large cohort
of more than 1,000 hepatoblastoma patients was able to
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confirm suspected clinical risk factors as well as identify
new groups that would require more aggressive therapies.
While children with low-risk hepatoblastoma have survival
rates of >90%, children in the high-risk category, histori-
cally, have a dismal overall survival of only 25%-40%.

While the causes of hepatoblastoma are unknown,
a few risk factors have been identified. A leading factor
associated with the high incidence of hepatoblastoma is
low birth weight*. In fact, very low birth weight may be
the cause of doubling of the incidence of hepatoblastoma
from 1975 to 1999 due to improved survival of the very
low birth weight infants over this period’. While addi-
tional validation is essential, other suspected risk factors
for this tumor include younger maternal age, use of infer-
tility treatment, maternal smoking, and higher maternal
prepregnancy body mass index’.

Patient Stratification and Management
of Hepatoblastoma

Treatment of hepatoblastoma varies depending on risk
stratification, which is based on a combination of histol-
ogy, radiographic staging, and distant metastatic disease.
Because all patients require local control with surgical
resection, the extent of liver lobes unaffected determines
the presurgical stage of tumor. Most treatment centers in
the US and Europe are now using the presurgical extent
of disease (PRETEXT) staging system developed by
SIOPEL, which is determined by radiographic imaging.
PRETEXT stage I indicates tumor involvement in only one
liver segment, leaving three contiguous areas of liver seg-
ments that are disease free. Conversely, PRETEXT stage
IV indicates multifocal involvement of all liver lobes or,
rarely, one large diffuse tumor encompassing all lobes. The
amount and type of adjuvant chemotherapy vary depend-
ing on the risk category. Fortunately, most hepatoblastoma
tumors are chemosensitive, and more than 80% of tumors
that were previously unresectable do eventually become
amenable to surgery after initiation of chemotherapy®. In
cases of PRETEXT stage I-III in which hepatoblastoma
remains in close proximity to essential vascular structures,
or in all cases of multifocal PRETEXT IV, liver transplan-
tation becomes the only hope for cure. These patients rely
on the availability of donor organs for survival, which
is a limited resource. Timing of transplant can become
critical as availability of organs cannot always be planned
with the timing of chemotherapy response and recovery
from treatment. Early referral for transplant for these
select patients is now strongly recommended’. Although
advances in chemotherapeutics, such as the discovery of
cisplatin, have greatly increased survival for some, we
must still continue to work to optimize therapies for these
children at highest risk®’.

There are a group of tumors that are categorized as
high-risk status and poor prognosis. These include
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hepatoblastoma with small cell undifferentiated (SCU)
histology, those with distant metastatic disease, and hepa-
toblastomas associated with serum o-fetoprotein (AFP)
levels <100 ng/m1*'"°, While there have been some inci-
dence reports of decreased serum AFP levels inup to 11%
of patients, a recent large study of 833 hepatoblastoma
patients showed just 21 of those patients, or 2.7%, had
initial levels less than 100 ng/ml”'"'* Initial incidence
was closer to 10%; however, on repeated testing, false
negatives were identified (which can occur with very
high AFP values), and the true incidence was much lower.
Interestingly, a little over half of these samples had SCU
histology, although all histological subsets were present,
including two patients with pure fetal histology, a histo-
logical subset with better prognosis. Of these high-risk
hepatoblastomas, 17%—-22% will have distant metastasis
to the lungs at the time of initial diagnosis™'>'"*. In fact,
metastatic spread appears to be the most common con-
tributor to the high-risk status. Understanding the genetic
and molecular origins of hepatoblastoma subtypes may
lead to the development of novel ways to manage these
cases and also pave the way to molecular therapies, with
the hope of improving survival of these children.

CELLULAR AND MOLECULAR BASIS
OF HEPATOBLASTOMA

Cellular Basis of Hepatoblastoma

The origin of hepatoblastoma is complex as it arises
from primary hepatoblasts, and likely from even less dif-
ferentiated hepatic stem cells or human fetal liver multi-
potent progenitor cells (WFLMPCs). These small blast-like
cells when isolated and cultured from normal fetal livers
are highly proliferative and able to differentiate into a
variety of tissues including hepatocytes, bile ducts, carti-
lage, bone, fat, and endothelium". The potential origin of
hepatoblastomas from hFLMPCs could explain not only
why there are histological differences between the vari-
ous subgroups of hepatoblastoma but also why 40% of
tumor samples have a mixed histological picture includ-
ing both epithelial and mesenchymal elements. A possible
explanation is that as these multipotential stem cells get
exposed to local spatiotemporal cues, either molecules or
other cell types, they differentiate and proliferate into var-
ious lineages that may eventually dictate both the histol-
ogy and composition of these tumors. Further, it is likely
that the stage of hFLMPCs that get inflicted with specific
mutations may also determine the eventual histological
and differentiation status of a hepatoblastoma.

Molecular Basis of Hepatoblastoma

For decades we have known that B-catenin plays a
critical role in the development of various human organs,
including skeletal muscle and brain'®. Over the last several
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years, its role in various processes during liver growth
and regeneration has also been discovered'’. This is well
demonstrated in a murine mouse model where conditional
knockout of CTNNBI in hepatic epithelial cells resulted
in decreased basal liver weight and also affected hepa-
tocyte proliferation after partial hepatectomy'®. Impor-
tantly, its role in hepatoblast proliferation and hepatocyte
differentiation and maturation during normal hepatic
development makes it an intriguing target of transforma-
tion in hepatoblastoma pathogenesis'**’. Indeed, hepato-
blastoma is the tumor with the most interstitial deletions
or missense mutations in CTNNB1 gene reported in more
than 60%—70% of all hepatoblastoma cases.

B-Catenin activation in physiological context is most
commonly regulated by the canonical Wnt pathway®'
(Fig. 1A). Secreted Wnt binds to its receptor Frizzled and
coreceptors LDL-related protein-5/6 (LRP5/6) to activate
a protein called dishevelled, which then inactivates the
destruction complex. The hypophosphorylated B-catenin
cannot be degraded and accumulates in the cytoplasm
and eventually translocates to the nucleus where it binds
to the T-cell factor (TCF) family of transcription factors
to induce expression of target genes in a context- and
tissue-specific manner. When Wnt is absent, -catenin
is phosphorylated by a cytoplasmic destruction complex
consisting of glycogen synthase kinase 3B (GSK3p),
casein kinase, axin, and adenomatosis polyposis coli gene
product (APC). The phosphorylation occurs at specific
serine and threonine residues located in exon 3 of the
B-catenin protein, which makes it amenable to detection
by BTrCP1, a component of the ubiquitin ligase complex
and eventual ubiquitin-mediated proteosomal degrada-
tion. If phosphorylation of B-catenin is affected due to
mutations or deletions in exon 3 of CTNNB1 or mutations
affecting the degradation machinery of P-catenin, the
pathway becomes active as is evident in many cancers.

Most mutations in hepatoblastoma are interstitial dele-
tions or missense point mutations in exon 3 of CTNNBI,
which either directly alter the serine/threonine phos-
phorylation sites of B-catenin or alter a residue in the
immediate vicinity of the phosphorylation sites, making
the B-catenin protein unrecognizable for degradation®.
It has been shown that larger deletions affecting exon 3
of CTNNBI are more frequent in hepatoblastoma with
fetal histology, while point mutations are relatively more
abundant in embryonal tumors and SCU hepatoblasto-
mas®. However, mutations in other components of the
B-catenin degradation complex including those affecting
APC and AXIN2 have also been reported™**. Overall,
Wnt pathway abnormalities collectively account for up
to 90% of genetic defects in hepatoblastoma tumors>°,
In another study of 23 patient hepatoblastoma samples,
all 19 available samples expressed positive nuclear and
cytoplasmic immunohistochemistry (IHC) staining of
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B-catenin. Furthermore, mRNA expression of known
inducible inhibitory Wnt pathway genes NKD-1, BTrCP1,
DKK-1, and Axin2 was upregulated in all samples com-
pared to normal adjacent liver tissue. Disruptions of the
negative feedback loop suggest that aberrations within
the Wnt inhibitory pathway are occurring downstream of
these overexpressed Wnt targets proteins, since despite
their overexpression, they fail to inhibit B-catenin nuclear
translocation®’. This study did not supply data for histo-
logical subtypes of tumor samples or other clinical fac-
tors to determine if Wnt inhibition is related to the degree
of hepatoblast differentiation.

More recently, data are beginning to be reported
using more timely technologies including whole-genome
sequencing (WGS) and whole-exome sequencing (WES).
A study utilized WES to identify mutations in exon 3 of
CTNNBI in 12 of 15 cases™. In another study using six
paired hepatoblastomas and lymphocytes subjected to
WES, the authors identified 24 somatic nonsynonymous
mutations in 21 genes, many of which were novel, includ-
ing 3 novel mutations targeting the CTNNBI (G512V)
and CAPRIN2 (R968H/S969C) genes in the Wnt path-
way, and genes previously shown to be involved in the
ubiquitin ligase complex (SPOP, KLHL22, TRPC4AP,
and RNF169)”. The CTNNBI (G512V) and CAPRIN2
(R968H/S969C) were gain-of-functional mutations, and
CAPRIN2 (R968H/S969C) also activated the Wnt path-
way in hepatoblastoma cells. This study also points to the
diverse mechanistic basis of B-catenin activation evident in
major subsets of hepatoblastomas. But overall, these types
of studies have consistently shown a low rate of mutations
in hepatoblastomas compared to adult liver tumors™.

Exploring the Second Hit Hypothesis

In the 1970s Knudson and Strong, by observing the
incidence of retinoblastoma within affected families,
astutely hypothesized that certain germline mutations,
or one inherited genetically, created an increased risk
of acquiring cancer”. They predicted that two separate
mutations were needed for tumor formation, and since
these patients were already born with one genetic aber-
ration, these patients needed an additional mutation or a
“second hit” to develop cancer. Since then, the Rb gene
has been validated as a tumor suppressor gene and has
paved the way for discoveries of other important genes
in familial cancer syndromes such as Li—Fraumeni syn-
drome and familial adenomatous polyposis (FAP)***'.
Furthermore, it has led to the discoveries of important
oncogenes and tumor suppressor genes necessary for
oncogenesis applying the second hit theory to even non-
inherited forms of cancer.

Likewise, in hepatoblastoma, certain genetic aber-
rations are well-known predisposing risk factors. One
example is children with the Beckwith—Weiderman
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Figure 1. Simplified overview of the Wnt/B-catenin signaling and the Hippo signaling pathways. (A) In “off” state, B-catenin com-
plexes with the members of its degradation complex where it is phosphorylated at specific serine and threonine residues for recognition
by proteasome for degradation. In its “on” state, Wnt binds to receptor Frizzled and coreceptor LRP5/6 to recruit dishevelled, allow-
ing for the B-catenin degradation complex to be inactivated. This leads to hypophosphorylation of B-catenin, its stabilization in the
cytoplasm followed by its nuclear translocation. In the nucleus, B-catenin acts as a cofactor for TCF family of transcription factors to
induce target gene expression. (B) In its “on” state, the Hippo signaling kinases MST1/2 are activated to in turn activate the LATS1/2
kinases. The activated LATS1/2 in turn phosphorylates YAP (or its paralog TAZ), the major effector of the Hippo cascade. Once phos-
phorylated, YAP (or TAZ) is either retained in the cytoplasm or degraded by proteasome. In its “off” state, the kinase complexes in the
Hippo signaling are inactive, and YAP (or TAZ) can translocate to the nucleus to act as cofactor for the TEAD family of transcription
factors and regulate expression of key target genes.
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syndrome (BWS), an overgrowth syndrome character-
ized by hemihypertrophy and organomegaly, in which
1.7% of patients develop hepatoblastoma. Risk is espe-
cially increased in cases of BWS with uniparental disomy
on chromosome 11p15.5, in which incidence is increased
to 4.7%. For this reason, routine screening with ultra-
sound and serum AFP is recommended in order to detect
the disease at earlier stages™. Another example is that of
FAP, where children have a 750- to 7,500-fold increased
risk of hepatoblastoma development supporting the util-
ity for routine ultrasound screening™. In fact, historically,
reports of -catenin mutations in adult colon cancer, as
well as the increased risk of hepatoblastoma in children
with FAP, are what led to the investigation of the role
B-catenin could be playing in hepatoblastoma tumorigen-
esis when, in 1999, Koch et al. discovered that nearly half
of a group of hepatoblastoma samples possessed such
mutations, paving the way for discoveries into hepato-
blastoma molecular and genetic pathogenesis.

The YAP—-B-Catenin Connection

The Yes-associated protein (Yap) is a well-conserved
downstream effector of the Hippo tumor suppressor sig-
naling cascade that plays key roles in organ growth and
stem cell differentiation. Activation of Yap increases liver
size in transgenic mice due to enhanced cell prolifera-
tion, without any effect on cell size™. Yap activation was
also found to expand populations of undifferentiated
progenitor cells in the intestinal cells of mice, indicat-
ing its potential role in cancer development™. Yap is a
component of the Hippo signaling pathway. When the
pathway is active, Yap largely remains cytoplasmic and
is phosphorylated by the large tumor suppressors 1 and
2 (LATS1/2), which target it for proteasome-mediated
degradation (Fig. 1B). However, when the pathway is
turned off, the kinases are inactive, and Yap is not phos-
phorylated. In its unphosphorylated form, it is able to
translocate into the nucleus, where it binds and activates
TEA domain family member or TEAD family of tran-
scription factors, functioning as a transcription cofactor
that initiates target gene expression, with eventual effect
on growth and regeneration® (Fig. 1B). Liver-specific
knockout mice of LATS1/2 show an upregulation of Yap
target genes”. More recently, forced activation of Yap in
adult hepatocytes was shown to dedifferentiate these cells
into early liver progenitor cells and eventually reprogram
them into biliary epithelial cells™.

The discovery of the Hippo pathway is still in its
infancy, having only been implicated in oncogenesis
within the past 5 years. However, signaling connec-
tions between the Yap and the Wnt/B-catenin pathway
are already being described, suggesting a cooperation
in tumor development’’. Recently dysfunctional Hippo
signaling was demonstrated in liver tumor including
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hepatoblastomas™. This study used IHC to show nuclear
staining of Yap in 73% of all hepatoblastoma samples
(n=22). More recently, we showed concurrent nuclear
staining of Yap and B-catenin in 79% of the 94 human
hepatoblastoma samples™. A functional synergism was
identified by studies in several hepatoblastoma cell lines
where silencing of B-catenin and Yap showed decreased
cell proliferation and increased apoptosis, and this effect
was amplified upon dual silencing of both genes. In the
most convincing evidence shown, coexpression of active
Yap and B-catenin via hydrodynamic tail vein injection
of sleeping beauty transposons containing S127A-Yap
and A90-B-catenin led to hepatoblastoma development
(Fig. 2). There was no tumor development when the
mutant B-catenin or mutant Yap was expressed individu-
ally, supporting the idea that a second hit is required for
hepatoblastoma to occur”. Grossly, the tumors in this
model were pale, multinodular, and abundant, cover-
ing almost the entire surface of the liver especially in
advanced stages (Fig. 2). This was due to rapid clonal
expansion of the hepatocytes that stably expressed mutant
B-catenin and mutant Yap. Histologically, the tumors
appeared to display fetal or intermediate differentiation
(histological categories discussed in the forthcoming sec-
tion) (Fig. 2). However, these tumors showed absence of
GS staining, which is traditionally a target of the Wnt sig-
naling pathway reflective of a more differentiated hepa-
tocyte state (Fig. 2)*>. While these tumors started early on
as GS* tumors, they lose GS staining rapidly as tumors
expand and grow. GS™ hepatoblastomas despite the pres-
ence of nuclear B-catenin is reflective of a more embryo-
nal hepatoblastoma®. This is likely due to the fact that
B-catenin activation during normal liver development is
biphasic'**. While it controls hepatoblast proliferation
during early liver development through regulation of tar-
gets such as cyclin D1, at later stages of hepatic devel-
opment it controls hepatocyte maturation by regulating
targets such as GS. Thus, embryonal hepatoblastomas are
GS, while fetal hepatoblastomas are GS*, although both
show nuclear/cytoplasmic B-catenin. These observations
show that in the Yap—f-catenin model, the tumors may be
starting with more fetal morphology, but as the tumors
progress, they may dedifferentiate more and at least at a
molecular level resemble embryonal hepatoblastomas™.
In addition to being positive for B-catenin and negative
for GS, the hepatoblastoma in the Yap—[-catenin model
was positive for c-Myc and cyclin D1 (Fig. 2).

In this model, there was also a clear evidence of an
association of B-catenin and Yapl such as by coprecipita-
tion studies®. Further, introduction of dominant-negative
TCF4 or a mutant of Yap, which could not bind TEAD at
the time of injection of S127A~Yap and A90—B-catenin,
completely prevented hepatoblastoma development. This
demonstrates the relevance of respective transcription
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Figure 2. Yap and B-catenin coexpression in liver leads to hepatoblastomas in mice. Gross image of tumor-bearing liver at 9 weeks
after hydrodynamic tail vein injection of sleeping beauty plasmids carrying mutant Yap and B-catenin. Histology from a representa-
tive 9-week postinjection liver reveals the tumors to be hepatoblastomas. Tumors were notably positive for nuclear and cytoplasmic
[-catenin and strongly positive for the B-catenin target cyclin D1. Tumors were negative for another f3-catenin target, glutamine syn-
thetase (GS). Tumors were strongly positive for B-catenin target cyclin D1.

factors for both Yap and B-catenin in disease patho-
genesis. However, whether all four proteins are in one
complex or whether Yap and B-catenin bind to TCF4 or
TEAD distinctly to drive specific target genes essential
for hepatoblastoma initiation and progression remains
unknown (Fig. 3).

Last, while activation of B-catenin in hepatoblas-
toma is due to mutations or deletions affecting exon 3 of
CTNNBI or loss-of-function mutations in APC and AXINI
or gain-of-function mutations in CAPRIN2, the mecha-
nisms leading to Yap activation remain obscure (Fig. 3).
Suffice to say the interaction between the two pathways

seems critical, and further characterization should have
novel biological and therapeutic implications.

GENOTYPE-PHENOTYPE RELATIONSHIP
IN HEPATOBLASTOMA

Histological or Cellular Correlates of Tumor Prognosis

Broadly, hepatoblastomas can be separated into two
main histological groups: epithelial and epithelial mixed
with mesenchymal elements, including bone, cartilage, or
skeletal muscle tissue™. The latter group comprises about
20%-56% of tumors™'**"**, The epithelial group can be
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Figure 3. Model depicting Yap and B-catenin cooperation in hepatoblastoma. Nuclear translocation of B-catenin in the majority of
hepatoblastomas occurs due to various mechanisms such as mutations in CTNNBI or due to mutations affecting genes encoding for
proteins like Axinl and APC, which are required for B-catenin degradation. Yap nuclear translocation also is evident in a majority of
these tumors; however, the mechanism remains elusive. In the nucleus, the two proteins interact with each other and either interact their
respective transcription factors together in a complex or in two separate complexes as indicated to eventually dictate target genes such
as cyclin D1 and c-Myc or others that are not yet identified, to lead to hepatoblastoma development and growth.

further classified into well-differentiated fetal (WDF),
crowded fetal (fetal with mitoses), embryonal, macro-
trabecular (MT) (either fetal or embryonal), and SCU
histology (Figs. 4 and 5). The majority of subtypes are
combined fetal and embryonal, both of which are present
in 30%-60% of cases, with the minority of samples being
either pure WDE, MT histology, or SCU subtype (again
usually mixed in with other epithelial elements), accounting
for <10% of specimens. It is important to remember how-
ever that most initial histological diagnosis is performed
with a small biopsy sample that may or may not be repre-
sentative of the much larger tumor it was obtained from.

The histology of hepatoblastoma has a significant
impact on patient outcomes. In looking at possible risk
factors that could predict outcome for these children,
Haas et al. showed a clear difference in overall sur-
vival depending on these subgroup classifications with
24-month survival rates being 92% for pure fetal, 63%
for embryonal, 50% for MT, and a dismal 0% for SCU"’.
This group also found a significant impact of number of
mitotic figures in a sample on overall patient survival.
The most mature, differentiated subtype referred to as
pure fetal histology has the lowest mitotic index. This
histology has the best prognosis of all subtypes as disease
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Figure 4. Wnt signaling status in various histologic subtypes of hepatoblastoma in patients. A representative fetal hepatoblastoma
shows the presence of nuclear and cytoplasmic B-catenin along with patchy positivity for glutamine synthetase (GS). A crowded fetal
(CF) hepatoblastoma is positive for B-catenin as well as GS, which is more homogeneous. Embryonal hepatoblastoma is strongly
positive for nuclear and cytoplasmic B-catenin but negative for GS. Occasional area may show some staining for GS. Small cell undif-
ferentiated (SCU) hepatoblastoma is again strongly positive for B-catenin but completely lacks any GS staining.

presentation is local, usually confined to only a liver lobe
that is amenable to surgical resection. In the most recent
COG study (AHEPO731), patients with pure fetal histol-
ogy are classified as very low risk, as their survival rate
is close to 100% with surgical resection alone*. Adjuvant
chemotherapy is usually omitted in these cases. On the
other hand, embryonal histology poses a greater risk for
invasion into multiple liver segments and blood ves-
sels, and lymphatics, as well as greater risk of metasta-
sis as it is less differentiated and can contain anaplastic
and teratoid elements. Mitotic index is usually high in
these cases.

Molecular Correlates of Tumor Prognosis

The morphology of hepatoblastoma can be distinc-
tively correlated with different stages of prenatal liver
development (Figs. 4 and 5). IHC has demonstrated sev-
eral differences between pure fetal and embryonal his-
tology that correlate with markers indicative of later or
earlier stages of embryonic maturation, respectively. The
WDF histology appears to show patchy -catenin nuclear
stain and strong staining for GS, a marker for differen-
tiation, and P-catenin activation (Fig. 4). Histologically,
fetal hepatoblastomas are composed of cells that resem-
ble hepatocytes present in the livers of late prenatal stages
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Figure 5. Comparative histology of murine prenatal hepatic developmental stages and histologic subtypes of human hepatoblastoma.
Hepatoblastomas are classified based on their cell composition. There is resemblance in histology of various stages of hepatic devel-
opment to various subtypes of hepatoblastoma, which is dictated by the predominant cell type that arrests and expands within the
tumor. Shown to the left are representative images of developing mouse liver from embryonic day 9 (E9), E11, E14, and E18. Shown
to the right are the sections from patient hepatoblastomas of various subtypes including small cell undifferentiated (SCU), embryonal
(Emb), crowded fetal (CF), and fetal hepatoblastoma. The middle row is a representation of the predominant cell type that exists at
specific stages during normal liver development, but an arrest at specific stages of maturation leads to their expansion and enrichment
to eventually contribute to a specific histology and eventually a histological subtype of hepatoblastoma.

of mouse embryonic development such as embryonic
days 17-18 (Fig. 5). The tumor is composed of sheets
of uniformed cuboidal cells with clear cytoplasm. The
CF shows intense and strong nuclear B-catenin as well
as strong GS staining (Fig. 4). Histologically, the cells
contained in CF hepatoblastoma look similar to cells
contained in embryonic day 14-16 murine livers minus
the ongoing hematopoiesis (Fig. 5). The embryonal hepa-
toblastoma shows diffuse nuclear B-catenin staining and
variable but mostly negative GS (Fig. 4). This type of

tumor is composed of cells that resemble hepatoblasts in
mouse embryonic days 11-13 (Fig. 5). The SCU hepato-
blastoma or the SCU component of a hepatoblastoma is
also positive for nuclear and cytoplasmic B-catenin, while
being negative for GS (Fig. 4). The SCU hepatoblastoma
histology may represent an even earlier phase of embry-
onic liver development in mice. We have included an area
from embryonic day 9 of mouse showing cardiac mesen-
chyme and hepatoblasts at the time of hepatic bud forma-
tion (Fig. 5).
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Based on histological comparison between stages of
hepatic development and histologic subtypes of hepato-
blastoma, one can hypothesize on the origin of hepato-
blastomas. It is likely that resident hepatic cells at specific
stages of normal liver development undergo molecular
perturbations due to genetic or environmental factors that
lead to their clonal expansion to yield hepatoblastoma
with a corresponding histological subtype (Fig. 5).

Since B-catenin localization differs in histological
subtypes of hepatoblastoma, it may have prognostic sig-
nificance. As mentioned previously, poorly differentiated
hepatoblasts (embryonal and SCU) have intense nuclear
staining of B-catenin, while pure fetal hepatocytes (WDF)
have predominantly membranous staining of this pro-
tein with only focal nuclear staining in many cases. The
nuclear visualization of B-catenin by IHC has been cor-
related to more aggressive tumor growth, worse patient
prognosis, and advanced disease™”****. Similarly, there
are more recent data available to suggest that more stem
cell marker expression (e.g., SALL4 or LIN28B) may be
associated with worse outcome, possibly related to stain-
ing of more primitive hepatoblastoma cell types (personal
observation by S.R.).

MODELS TO STUDY HEPATOBLASTOMA
Cell Lines

While there are innate limitations to the use of can-
cer cell lines, they do remain an important tool to study
molecular aberrations and cell behavior. Several human
hepatoblastoma cell lines exist, although some are more
characterized than others. In Table 1, we list all known
human hepatoblastoma cells along with the correspond-
ing mutations in CTNNB/ in the form of either a missense
mutation or an interstitial deletion. The most well-known
and readily available cells include the HepG2 cells, which
have been erroneously used as human hepatocellular car-
cinoma (HCC) cells in many previous studies. However,
human HCC cells do not exhibit large interstitial dele-
tion in CTNNBI as is evident in HepG?2 cells, but instead
show mostly point mutations, although hepatoblastomas
can have either point mutations or deletions in exon 3
of CTNNBI (Table 1). Also, while HC-AFW 1 cells were
initially isolated from a pediatric HCC case, based on,
again, a large interstitial deletion in exon 3 of CTNNBI,
it may exhibit more hepatoblastoma-like characteristics
and hence has also been included in Table 1*.

Animal Models

Having an animal model of a human disease is
highly relevant to study mechanism, biology, and thera-
pies. Animal models for hepatoblastomas are outlined
in Table 2. As can be appreciated, there is an array of
models available. There are transgenic mice models
like c-Myc transgenic mice and Lin28b transgenic mice

BELL ET AL.

Table 1. Human Cell Lines With -Catenin Mutations
CTNNB1 Mutation

Human Cell Lines

HepG2 A116 amino acids*
HepT1 A76 amino acids*
HC-AFW1 A49 amino acids*¥f
HepT5 A75 amino acids*
Hep2933TT A117 amino acids*
HepT3 T41A

HuH6 T41A%

*Exon 3 deletions.

THC-AFW1 cells were originally derived by a 4-year-old
patient with hepatocellular carcinoma, not hepatoblastoma;
however, these cell were found to have a typical truncated
mutation as seen in hepatoblastoma and, thus, behavior in a
similar manner to other hepatoblastoma cell lines with similar
mutations.

fThreonine-to-alanine substitution at codon 41.

that display mixed tumors throughout the liver. These
mice display HCCs as well as hepatoblastomas*"**. As
discussed previously, we have generated a novel mouse
model where coexpression of mutant Yap and mutant
B-catenin leads to hepatoblastoma development in
mice®. Traditionally, using several hepatoblastoma cell
lines outlined in Table 1, various groups have gener-
ated tumor xenograft models for hepatoblastoma. The
sites for injections are either subcutaneous or through
the spleen, which allow for some cells to escape
through circulation to eventually form tumor nodules
in the liver. A list of these models, which have been
widely used to test therapies and tumor behavior, is pre-
sented in Table 2. Last, hepatoblastoma cells derived
from explanted livers postsurgical resection have been
used to derive xenograft models. Patient-derived xeno-
grafts are indeed an innovative tool to study cancer
and can have implications in personalized medicine.
Intriguingly, a patient-derived xenograft study involv-
ing hepatoblastoma showed not only development of
tumors in the liver but also pulmonary metastasis®.

SUMMARY AND FUTURE PERSPECTIVES OF
Wnt SIGNALING IN HEPATOBLASTOMA

Hepatoblastoma is a classical pediatric tumor where
only limited numbers of mutations are found per case.
In fact, recent WES on these tumor types has revealed
1-7 mutations/case (average of 2.9 mutations/case)™.
Many of these mutations affect the Wnt pathway such
that almost 75% of all hepatoblastomas fall into this
category due to mutations/deletions in CTNNB1, APC,
or AXINI1. Clearly, hepatoblastoma has [-catenin acti-
vation, but is that sufficient to cause this tumor if acti-
vated appropriately during development? This remains
an unanswered question, although APC deletion during
hepatic development led to embryonic lethality™. In this
model, APC deletion occurred in hepatoblasts, but due
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Table 2. Summary of Hepatoblastoma Mouse Models
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Mouse Models Tumor Location Metastasis References
MYC transgenic mouse Liver No 48
Lin28b transgenic mouse Liver No 47
-Catenin—YAP dual plasmid Liver No 39
injections using SB and hydrody-
namic tail vein injection
Subcutaneous injection of human Subcutaneous tumors at the site No 54-59
hepatoblastoma cell lines of injection (flank, thigh, and
paravertebral)
HuH6 splenic injection in immuno-  Largely splenic, but 82% developed No 60,61

compromised mice

liver tumors after immediate sple-

nectomy postinjection

Patient-derived xenograft trans- Liver

planted into mouse liver

Yes, 50% with pul- 49
monary nodules

to this untimely and excessive activation, where cor-
rect partners of B-catenin may not be expressed, the
liver became hypoplastic, and hepatocyte differentiation
failed. B-Catenin activation in this model did promote
bile duct development™. Indeed, the role of B-catenin in
bile duct development has been intriguing and requires
further analysis5 152 However, future studies will be criti-
cal to determine if B-catenin activation in immature or
mature hepatocytes during hepatic development may be
sufficient to cause hepatoblastoma. Equally relevant will
be to determine why hepatoblastomas occur more fre-
quently in low birth weight babies.

Yap signaling pathway cooperates with B-catenin in
hepatoblastoma pathogenesis®. However, the mecha-
nism of Yap activation in hepatoblastoma cases remains
unknown, and hence more studies are needed. The mech-
anism of how Yap and -catenin contribute to hepatoblas-
toma development and growth remains to be discovered.
Recently, we have identified c-Myc to be one down-
stream target of Yap-P-catenin in the hepatoblastoma
model. When sleeping beauty transposons with mutant
Yap and mutant B-catenin were injected in hepatocyte-
specific c-Myc knockout mice, there was a significant
decrease in hepatoblastoma burden, which was attribut-
able to a compromise in optimum tumor metabolism®.
Further, this model will be useful to test novel therapies
for hepatoblastoma treatment.

WGS and WES studies are already revealing new
molecular aberrations in hepatoblastoma. A recent study
showed mutations in NFE2L2 (encoding for Nrf2) in a
small group of hepatoblastoma cases®. Nrf2 plays an
important role in regulating redox state of a cell specifi-
cally transcribing target genes involved in antioxidant
response. Continued analysis is expected to yield addi-
tional new aberrations and may eventually help under-
stand the biology of a subset of tumors that are more
aggressive and have poor prognosis. Since molecular

therapies are lacking for hepatoblastoma, such studies
may also yield druggable targets that may improve.
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