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Abstract: The survival rate for patients with metastatic hepatoblastoma (HB) is steadily increased in
the last thirty years from 27% to 79%. These achievements result from accurate risk stratification and
effective chemotherapy and surgical care. However, patients with poor prognosis require more effective
therapies. Recent years have witnessed new insights on the biology of HB, setting the stage for molecular
classification and new targets of therapy. We review here the molecular pathology of HB, focusing on the
driver genes involved in the process of oncogenesis and the identification of novel targets. We also address

the role of in vivo models in elucidating the mechanisms of development of this disease and the pre-clinical

phase of new treatment modalities.
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Introduction

Hepatoblastoma (HB) is the most frequent liver malignancy
in childhood. In most cases, HB is sporadic, although it may
also be associated with Beckwith-Wiedemann syndrome,
hemihypertrophy, premature birth, low birth weight, and
familial adenomatous polyposis coli. The survival rate at
5 years of children affected by metastatic HB has steadily
increased from 27% reported in the 1990s to the current
79%. This impressive result comes from the achievements
of four trial groups: the International Childhood Tumor
Strategy Group (SIOPEL), the Children Oncology Group
(COG), the German Society for Pediatric Oncology and
Haematology (GPOH), and the Japanese Study Group for
Pediatric Liver Tumors (JPLT). These groups and their
coordination organism, the Children’s Hepatic tumors
International Collaboration (CHIC) consortium, established
the standard of risk stratification and the treatment strategy
of this rare tumor. Nowadays, the widely accepted risk
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stratification, is based on the radiological evaluation of the
pre-therapy extent of the tumor (PRETEXT), the age of the
patients, the serum levels of alpha-fetoprotein, the presence
of metastatic disease, and the PRETEXT annotation
factors (i.e., vascular involvement, extrahepatic contiguous
extension, multifocality, rupture of the tumor at diagnosis).
The PRETEXT staging system, initially proposed by the
SIOPEL group, is based on the division of the liver into
4 sectors (1). The left sector consists of Couinaud segments
2 and 3, the medial segment is the Couinaud segment 4,
the anterior sector of the right lobe consists of segments 5
and 8, the posterior sector of the right includes segments
6 and 7. PRETEXT I refers to patients where the tumor
burden is limited to one sector. PRETEXT II indicates two
sectors free of tumour; PRETEXT 3 indicates one sector
free of tumor and in PRETEXT IV the tumor occupies all
sectors. According to the unified analysis from the CHIC
consortium, patients at high risk are: (I) PRETEXT I
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Figure 1 Histological subtypes of human HB. (A) Pure fetal HB showing the organization in trabeculae of the tumor. Tumor cells resemble
fetal hepatocytes and show a large cytoplasm, which appears either clear/white or pink due to the different content of glycogen and lipids
of the tumor cells. This peculiar “light and dark pattern” is better appreciable at higher magnification in (B); (C) mixed fetal-embryonal
HB, characterized by the presence of two distinct population of cells. While fetal tumor cells (*) display a pink and large cytoplasm,
embryonal HB cells (arrows) show prominent, highly basophilic nuclei, a small cytoplasm, and a high nuclear/cytoplasmic ratio; (D) often,
embryonal-like HB cells tend to form rosettes (“pseudo-rosettes”), acini or tubules, exhibiting a pseudoglandular phenotype; (E) examples
of a SCU HB. SCU cells have minimal cytoplasm and round lightly chromatic nuclei. Different from embryonal-like cells, SCU cells do
not form tubules, pseudo-glands or any other organized structure; (F) part of a mixed epithelial-mesenchymal HB containing osteoid as

a mesenchymal component. Original magnification: 100x in C; 200x in A; 400x in B, D, E, and F. Hematoxylin and eosin staining was

employed. HB, hepatoblastoma; SCU, small cell undifferentiated.

patients with positive annotation factors and age >8 years;
(II) PRETEXT II and PRETEXT III patients with alpha-
fetoprotein lower than 100 ng/mL, age >8 years; (III)
PRETEXT IV patients when their age is >3 years and
alpha-fetoprotein is lower than 100 ng/mL. Metastases
represent an independent risk factor in all groups (2).
Patients at intermediate risk are those with PRETEXT 1,
positive annotation factors and age >8 years; those with
PRETEXT II, alpha feto-protein >100 ng/mL and positive
annotation factors; those with PRETEXT III, alpha
feto-protein between 100 and 1,000 ng/mL and positive
annotation factors; those with PRETEXT IV and alpha
feto-protein <100 ng/mL (2).

At the histopathological level, the main features of
HB encompass the different stages of liver development,
including epithelial and mixed epithelial and mesenchymal
forms. Epithelial tumors include pure fetal with different
grades of mitotic activity, embryonal, pleomorphic, macro
trabecular, small cell undifferentiated with or without
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expression of INI1, cholangioblastic and mixed subtypes.
The major HB subtypes are shown in Figure 1.

Although not yet included into the risk staging of the
multivariate unified CHIC analysis, tumor histology also
plays a role in patients’ outcome. In particular, the pure fetal
subtype with low mitotic activity is associated with a better
prognosis, whereas the small-cell undifferentiated subtype
has the worst outcome. In addition, histology identifies
the transitional liver cell tumor subtype, where both the
features of HB and those of hepatocellular carcinoma (HCC)
are recognized (3,4).

According to the SIOPEL guidelines, the current
therapeutic strategy of patients with HB is based on
the grade of risk. Patients at low risk and with the
histological features of fetal subtype and low mitotic
activity are cured by the surgical removal of the tumor,
and do not need chemotherapy. In all other patients,
neo-adjuvant chemotherapy is recommended. The pre-
operative administration of cisplatin alone or combined
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Standard risk (PRETEXT I-lll and AFP>100 ng/mL)

e Four cycles of cisplatin pre-operative monotherapy followed by
surgical resection and two post-operative cycles

High risk (PRETEXT IV or positive annotation factors)

e Seven cycles alternating cisplatin and carboplatin plus doxorubicin
followed by surgical resection and three post-operative cycles

Very high risk(presence of metastases

e Three cycles of dose dense cisplatin and doxorubicin followed
by surgical resection (including metastasectomy and liver
transplantation if needed) and one post-operative dose dense
cycle

Figure 2 Strategy of treatment according to risk.

with doxorubicin represents the mainstay treatment of
HB (5). In patients at standard risk (PRETEXT I to III
without metastases and annotation factors), cisplatin
monotherapy is usually effective as neo-adjuvant treatment.
Dose dense cisplatin and doxorubicin followed by surgery
and post-operative chemotherapy is recommended for
patients with metastases (6). These SIOPEL guidelines
are reported in Figure 2. At variance, the COG group
recommends upfront resection in all resectable patients
and post-operative chemotherapy consisting of cisplatin,
fluorouracil and vincristine. The rationale of this strategy is
the de-intensification of post-operative chemotherapy (7).
The answer to these controversies will be solved by the
ongoing Paediatric Hepatic International Tumor Trial
(PHITT). This trial also stems from the collaboration
of the major groups involved in the treatment of HB
and aims to optimize the strategy of therapy. Among
others, the objectives of this study are: (I) to evaluate
if the treatment of low risk HB can be reduced; (II) to
compare different treatment regimens for intermediate
risk HB; (III) to compare different post-induction
treatment for high risk HB (8). Despite these indisputable
achievements, several needs remain unmet, including
the side-effects of chemotherapy, and the management
of refractory cases. Well known side-effects of cisplatin
are ototoxicity, neurotoxicity and nephrotoxicity. Among
the patients treated with dose intense cisplatin, a Brock
grade 3 ototoxicity was documented in 20%, and a Brock
grade 4 in 7% of the cases (6). In addition, the limiting
dose cardiotoxicity of doxorubicin hampers its potential
efficacy. In patients refractory to cisplatin and doxorubicin
the outcome remains poor, and the mechanism of drug
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resistance are still unclear (9).

Within this framework, new insights into the biology
of HB are needed. In this review, we will focus on the
following questions:

(I)  Which are the driver genes of HB?

(II) Are these genes druggable?

(IIT) What is the role of immunotherapy?

(IV) What is the relevance of in vivo models?

Driver genes or HB

In 1999 Koch er al. (10) reported for the first time that
sporadic HB is the tumor with the highest in-frame mutation
frequency of the CTNNBI gene, encoding for B-catenin,
the main transducer in the canonical WNT pathway (11).
The WN'T/B-catenin cascade has a key role in liver
development, regeneration and metabolic zonation. When
the WN'T signalling is not activated, B-catenin is bound
to a degradation complex consisting of Axin, APC, GSK3
and CK, and then is phosphorylated at specific serine
and threonine residues in exon 3 and degraded by the
ubiquitin proteasome pathway. When the WN'T pathway
is activated, B-catenin is stabilized and translocates into the
nucleus, where it interacts with the T cell factor/lymphoid
enhancement factor (T'CF/LEF) family of transcription
factors. Interactions with distinct transcription factors leads
to the expression of different genes and functions. A similar
scenario occurs when mutations of the exon 3 of the gene
encoding for B-catenin take place. In patients with HB, the
interacting transcription factor is TCF4 and target genes
include, among others, c-MYC, Cyclin D1, EGFR, and
glutamine synthetase (12).

Target genes of the dysregulated WN'T/B catenin
signaling are differently expressed in patients with distinct
histological subtypes and clinical risk. Several molecular
signatures of HB, based on gene expression have been
proposed. For instance, Cairo et /. (13) reported a
16 gene-signature that differentiates standard-risk and
high-risk patients. Tumor aggressiveness was associated
with hepatic stem-like phenotypes and MYC upregulation.
Overexpressed genes were MYCN, BIRCS, NPM1, HDAC2,
TACSTDI1, GJAIl, and SUZI2. By contrast, standard-
risk tumors were associated with the overexpression of
GLUL, RHBG, CYP2E1, and CYP1AL. Sumazin et /. (14)
analyzed 88 pre-treatment tumors and identified three
distinct molecular clusters characterized by high,
intermediate and low risk, according to the differential
expression of hepatic progenitor cell markers and metabolic
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pathways. In particular, NFE2L2, HMGA2, SALL4 and
AFP genes were strongly expressed and associated with
the downregulation of let-7 and HNF1A in the most
aggressive tumors. Hooks ez a/l. (15) reported a simplified
4-gene signature, consisting of the differential expression
of HSD17B6, ITGA6, TOP2A, and VIM. This molecular
signature identifies one group of patients at low risk,
and two subgroups at high risk. Further analysis of gene
expression within the subgroups at high risk showed that
epithelial-mesenchymal transition features and Fanconi
anemia pathway were mutually expressed.

Immuno-histochemical phenotypes also contribute to the
characterization of HB. Small-cell undifferentiated HBs are
divided into two groups of different prognoses according to
the expression of INI1, negative HBs behaving as rhabdoid
tumors (16). Markers of stemness, such as EpCam, CK19,
and AFP distinguished HB arising from stem cells from
more mature types of the tumor (13).

Given the rarity of HB, the molecular and
immunohistochemical biomarkers have not been validated
in larger cohort of patients. The incorporation of the
biological data into the clinical practice is one of the
aims of the ongoing PHITT. The trial is collecting and
characterizing the specimens of all recruited patients.
Biological testing includes targeted sequencing, a next-
generation sequencing mutation panel, a whole genome
scanning SNP array platform, and histochemical analysis (8).

Crosstalk between signaling pathways

Similar to other solid tumors of childhood, HB is
characterized by a low rate of mutated genes (17). When
whole genome sequencing was performed, it appeared
that the median rate of mutations is 3.9 per tumor (range,
0-24 mutations) (14). As expected, mutations increase
with age. Besides CTNNBI, other mutated genes include
NFE2L2, TERT promoter, APC, MLL2, ARIDIA,
SPOP, KLHL22, TRPC4AP, and RNF169 (18,19), but the
number of tumors harboring these mutations is relatively
low. It is therefore undisputable that CTNNBI is the
driver gene of sporadic HB. It is of interest, however, that
the over-expression of full-length point mutant or deletion
mutant B-catenin in mouse hepatocytes is insufficient for
oncogenesis. Apart from the documented MYC activation,
it has been hypothesized that other signaling pathways
interact with WN'T/B-catenin. Among these, activation
of the Notch and Hedgehog pathways is documented
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by the upregulation of DLK and HESI and GLII and
PTCHLI genes, respectively (20,21). The interplay between
B-catenin and YAP pathways may also play a role in the
development of HB. In accordance with this hypothesis,
immunohistochemistry showed the co-localization of
B-catenin and YAP1 within the nuclei of 89% of 92 tested
tumor specimens. In addition, the hydrodynamic expression
of YAP1/B-catenin into the mouse liver resulted in the
development of aggressive tumors with the histological

features of HB (22).

Is the p-catenin pathway druggable?

The majority of the inhibitors of the canonical WNT/f
catenin pathway are investigational molecules that target
distinct steps of the WNT signaling. These agents include
monoclonal antibodies directed against WNT ligands
and WNT receptors, antagonists of porcupine, stabilizers
of the B-catenin degradation complex, and, downstream
of activated B-catenin, suppressors of the interaction of
B-catenin with co-activator cyclic AMP response binding
protein (23,24).

The inhibition of the cross talk between WN'T/
B-catenin pathway and other signaling pathways represents
an active area of research in this field. Investigational
inhibitors of Notch, such as PF-03084014, decrease the
levels of activated P-catenin (25). The analysis of the
signaling in the Yap/p-catenin mouse model showed
that YAP induces the expression of the amino acid
transporter SLC38A1 leading to mTOR activation.
Targeting mTOR pathway or amino acid transporters
may therefore represent a new therapeutic strategy (26).
Furthermore, since B-catenin cooperates with Yap to
induce HB development and suppression of Yap reduces
B-catenin levels as well as B-catenin dependent growth and
transforming activity (12,22), targeting Yap might be an
intriguing alternative therapeutic approach to suppress/
limit the WN'T/B-catenin pathway in this tumor type. It is
also of note that three components of the Fanconi anemia
pathway (FANCI1, FANC2D and BRCA1) were upregulated
in patients resistant to doxorubicin. This pathway may be
targeted by proteasome inhibitors such as bortezomib (15).
Accordingly, the ClinicalTrials.Gov site (27) currently
registers fifteen phase I/II studies whose aim is to evaluate
the effect of several inhibitors such as multi-kinase
inhibitors targeting CDK4/6, MAPK/ERK, ALK, and/or
mTOR pathways.
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What is the role of immunotherapy in the
management of HB?

In the majority of patients, tumor infiltrating cells are
scarce. This finding is in keeping with the low rate of
mutations, the age of the patients, and the absence of co-
morbid conditions. However, in APC related HBs, cisplatin
leads to a massive increase of infiltrating cells organized in
secondary and tertiary lymphoid structures (28). These cells
consist of CD3 and CD8 positive lymphocytes and dendritic
cells and are in direct contact with the tumor cells. It has
been hypothesized that, in this case, chemotherapy leads to
immunogenic cell death. Tumor cells damaged by cisplatin
emit adjuvant signals recruiting the effectors of the adaptive
response (29,30). In sporadic HB, this finding seems to
be limited. Of note, cisplatin usually leads to apoptosis,
which is an immunologically silent form of cell death.
Understanding the molecular basis of these differences may
help in the management of these patients.

"The breakthrough results of T cells genetically engineered
in patients with B-cell lymphomas have paved the way to
adopt this therapy in solid tumors (31). Chimeric antigen
receptors (CARs) consist of antigen binding sites linked to
activating molecules. The antigen binding site is composed
by the variable regions of a monoclonal antibody joined in a
single chain. The intracellular component, whose function is
to expand the engineered cells, include the T cell receptor-
associated CD3 complex molecules: { chain, CD28, 4-1BB.
CARs are transfected and expressed in T cells using retroviral
vectors. In optimal conditions, when the transfected cells
are cytotoxic effectors, the interaction with the tumor cells
expressing the target antigens leads to tumor cell necrosis.
CAR-T based therapy in patients with HB is at the outset.

At least two antigens suitable for CAR-T therapy have
been identified on the surface of tumor cells: glypican-3 and
EpCam. Glypican-3 is a co-receptor of WN'T whose function
is the control of cell division and growth. It is expressed
in a large proportion of epithelial subtypes of HB and is
absent in normal liver (32). Redirecting T cells to glypican-3
through CAR has led to necrosis of HB cell lines (33).
EpCam is a transmembrane glycoprotein expressed in
HB (13,34). Ep-Cam specific monoclonal antibodies elicit
HB cell necrosis by y3 t cells (35). A phase 1 trial aimed at
evaluating safety and efficacy of CAR-T cells redirected to
EpCam in multiple tumor types is now recruiting patients.

Relevance of in vivo models

Generation of experimental models, especially in vivo,
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represents an important step both to better understand
the histopathological and molecular events responsible for
a certain disease as well as to design novel and effective
therapeutic approaches. As concerns HB, a limited
number of in vivo models have been established so far.
This is presumably and mainly due to the paucity of
funding available for this rare disease. In addition, the
misclassification of some rodent liver tumors in HCCs
rather than in HBs cannot be excluded. In the last two
decades, the central role of the WN'T/B-catenin pathway in
human hepatocellular tumors has led to the development
of transgenic mice overexpressing mutated forms of
B-catenin in the liver. Unexpectedly, B-catenin activation
alone was found to be insufficient to promote liver
carcinogenesis in mouse models. Indeed, mice with liver-
specific overexpression of either wild-type or oncogenic
forms of the B-catenin gene failed to develop spontaneous
liver cancer (36,37). However, mice with the activation of
B-catenin signaling were found to be more susceptible to
diethylnitrosamine-induced hepatocarcinogenesis (37),
implying B-catenin mutation as a predisposing condition
to HCC development in mice. On the other hand, HCC
development was detected in mice with liver-targeted
disruption of APC, which were characterized by strong
activation of the B-catenin cascade (38). Unfortunately, a
deep histopathological investigation was not conducted
in these mice, which were classified as HCCs. Thus, it
cannot be excluded that they are instead HBs or, at least,
that they harbor some of the histopathological and/or
molecular alterations of human HBs. Furthermore, it
has been demonstrated that B-catenin cooperates with
other oncogenes to induce HCC formation. For instance,
mice harboring mutations of p-catenin and H-Ras in the
liver developed HCC (39). Similarly, the concomitant
overexpression of c-Met or an activated form of G12D-
KRAS and mutated forms of B-catenin in the mouse liver
via hydrodynamic gene delivery triggered HCC formation
(40,41). In particular, these mice developed HCC with gene
expression profiles that displayed high correlation with the
gene profiles of a subset of human HCC patients with both
CTNNBI mutations and c-Met activation signatures (41).
The importance of B-catenin in the oncogenic process
was underscored by the finding that treatment of these
mice with lipid nanoparticles containing small interfering
RNA (siRNA) against CI'NNB1 triggered a remarkable
reduction of tumor burden (41). Based on the finding
that the vast majority of human HB specimens exhibit
concomitant nuclear accumulation of B-catenin and
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Figure 3 Scheme depicting the cooperation between Yap and B-catenin protooncogenes in hepatoblastoma development. Activation
of Yap and PB-catenin results in transcriptional programs in association with TEAD4 and TCF proteins, respectively. In addition, both
protooncogenes are able to induce the mTORCI, a major modulator of cellular functions. Of note, n"TORCI can be specifically inhibited (as
indicated by red, blunted arrows) by Rapamycin and its homologs (Rapalogs, such as Everolimus and Sirolimus). Thus, m”TORCI inhibition

might represent a potentially relevant therapy for this disease. mTORCI, mammalian target of rapamycin complex 1.

the YAP protooncogenes (22), a mouse model co- factors in mediating Yap oncogenic potential in mouse
expressing constitutively active p-catenin and YAP forms HB (39). In a further investigation, it was found that the
via hydrodynamic gene delivery was generated. Of note, mammalian target of rapamycin complex 1 (mTORCI)
the simultaneous overexpression of p-catenin and YAP signaling, involved in many functions of normal and
resulted in rapid HB development, whereas no tumors neoplastic cells, is activated in human HB cells and YAP/
occurred when either mutant B-catenin or active Yap was B-catenin mice. At the molecular level, mMTORCI activation
overexpressed alone (22). Some molecular aspects of this was induced by the amino acid transporter SLC38A1 in
mouse model were subsequently elucidated. Specifically, HB cell lines and in mouse HB tissues in a Yap-dependent
it has been shown that Yap activity in HB depends on manner (39). Intriguingly, it was more recently found that
its ability to bind the TEA domain transcription factors also B-catenin induces the activation of mTORCI via

(TEADs), as either mutant forms of Yap that cannot bind Glutamine Synthase (43). Therefore, Yap and B-catenin
TEADs or a dominant negative form of TEAD factors converge on the activation of the mTORCI pathway in HB
failed to induce tumor development when co-expressed (Figure 3). The importance of mMTORCI1 pathway in YAP/
with mutant B-catenin (22,42). In particular, TEAD4 was B-catenin-driven HB development was further substantiated
identified as the main member of this family of transcription in a study showing that a Rapamycin (an mTORCI1
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inhibitor) fed-diet mice significantly decreased HB burden
when compared to controls (44,45). Altogether, these
data suggest that targeting the mTORCI signaling might
represent a novel therapeutic strategy for the treatment of
human HB.

To the best of our knowledge, few additional mouse
models of HB have been generated. Specifically, the
c-Myc conditional mouse model is characterized by the
development of neoplastic lesions resembling the main
features of human HB (46). Of note, inactivation of c-Myc
in these lesions led to tumor regression in these mice,
implying the requirement of an active c-Myc for the tumors
to grow (46). The importance of Myc proteins in HB has
been further underscored by the finding that treatment with
Bromodomain and Extra-Terminal motif (BET) and Aurora
inhibitors targeting Myc are able to restrain the growth
of HB cells in vitro (47). The second model consisted
instead of the conditional transgenic mouse overexpressing
the LIN28B RNA-binding protein, which is involved in
stem cell maintenance, metabolism, and oncogenesis (48).
In these mice, LIN28B overexpression was sufficient to
initiate HB and HCC development. Of note, Lin28b
overexpression was also detected in c-Myc-driven mouse
HB, and liver-specific deletion of Lin28a/b significantly
decreased tumor burden and delayed tumor onset, thus
extending mouse survival (48). An additional model was
generated by combining ¢-Myc and a dominant mutant allele
of f-catenin (49). In this model, neonatal mice preferentially
developed HB over other hepatocellular malignant lesions.
Of note, the HB lesions were characterized by a strong
induction of the nuclear factor (erythroid-derived 2)-like2/
NFE2L2/NRF2-dependent antioxidant signaling, which
was specifically associated with the expression of B-catenin
but not c-Myec. In the Hep2933 human HB cell line,
silencing of NFE2L2/NRF2 gene was accompanied by a
pronounced growth restraint, further substantiating the role
of NFE2L2/NRF2 in HB tumorigenesis. Taken together,
and considering that activating mutations of NFE2L2/NRF?2
are the second most frequent alteration in human HB after
those affecting CTNNBI (18,19), these intriguing findings
indicate that induction of the NRF2-driven antioxidant
pathway by B-catenin overexpression might be one of the
pivotal mechanisms allowing B-catenin activated cells to
survive and expand in HB (49).

Altogether, although presumably incomplete, the
available data on mouse models indicate the functional
importance of YAP, f-catenin, mTORCI, c-Myc, LIN28a/b,
and NFE2L2/NRF2 in HB development and suggest
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the usefulness of targeting these genes and/or the related
pathways for the treatment of the human disease.

Conclusions

Different from many other solid tumor types, a striking
improvement in HB treatment and relative patients’
survival has been achieved in the last decades by proper
stratification of the patients and appropriate therapeutic
strategies. However, some HB subsets are still associated
with a poor prognosis and require more effective therapies.
Some preclinical models have been recently generated
showing the pathogenetic relevance of YAP, B-catenin,
c-Myc, LIN28a/b, and NRF2 protooncogenes as well as the
in vivo efficacy of mMTORCI inhibitors on the growth of HB
experimental models. Further studies should be conducted
to determine whether drugs targeting the aforementioned
pathways are beneficial for the treatment of human HB.
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