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ARTICLE INFO ABSTRACT

Keywords: Background: Hepatoblastoma is the most frequent pediatric liver cancer. The current treatments lead to 80% of
Pediatric liver cancer survival rate at 5 years. In this study, we evaluated the clinical relevance of molecular features to identify pa-
Pediatric cancer tients at risk of chemoresistance, relapse and death of disease.

;e;:zi?:ssg;iure Methods: All the clinical data of 86 children with hepatoblastoma were retrospectively collected. Pathological
Biomarker slides were reviewed, tumor DNA sequencing (by whole exome, whole genome or target) and transcriptomic
Driver profiling with RNAseq or 300-genes panel were performed. Associations between the clinical, pathological,

mutational and transcriptomic data were investigated.

Results: High-risk patients represented 44% of our series and the median age at diagnosis was 21.9 months
(range: 0-208). Alterations of the WNT/B-catenin pathway and of the 11p15.5 imprinted locus were identified in
98% and 74% of the tumors, respectively. Other cancer driver genes mutations were only found in less than 11%
of tumors. After neoadjuvant chemotherapy, disease-specific survival and poor response to neoadjuvant
chemotherapy were associated with ‘Liver Progenitor’ (p = 0.00049, p < 0.0001) and ‘Immune Cold’ (p =
0.0011, p < 0.0001) transcriptomic tumor subtypes, SBS35 cisplatin mutational signature (p = 0.018, p =
0.001), mutations in rare cancer driver genes (p = 0.0039, p = 0.0017) and embryonal predominant histological
type (p = 0.0013, p = 0.0077), respectively. Integration of the clinical and molecular features revealed a cluster
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of molecular markers associated with resistance to chemotherapy and survival, enlightening transcriptomic
‘Immune Cold’ and Liver Progenitor’ as a predictor of survival independent of the clinical features.
Conclusions: Response to neoadjuvant chemotherapy and survival in children treated for hepatoblastoma are
associated with genomic and pathological features independently of the clinical features.

1. Introduction

Hepatoblastoma (HB) is the most frequent pediatric liver cancer,
representing around 1-1.5 cases per million children[1]. In the last
decades, following the introduction of cisplatin-based chemotherapy
and the use of prognostic factors in the risk stratification to determine
the most adapted treatment, the survival of children with HB has
improved considerably[2-8]. Currently, the Children’s Hepatic tumors
International Collaboration (CHIC) scoring based on the radiological
PRETEXT (PRETreatment EXTent disease) staging, age, presence of
metastases, and alpha-fetoprotein serum level (AFP) at diagnosis is the
most widely used risk stratification system, in particular in the PHITT
international clinical trial[3,9]. Moreover, tumor histological charac-
teristics and genetic markers have been described associated to HB
prognosis, but they are not currently used in clinical setting because they
remain to be validated[4,10-12]. Nowadays, the overall 5-year survival
of patients with standard-risk HB is around 90%, and 65% for high-risk
HB[3,5]. However, some patients develop primary or secondary che-
moresistance and there are currently no consensual therapeutic alter-
natives for targeting resistant HB, enlightening the urgent need to
identify additional prognostic factors based on histology or molecular
features[10,11,13]. HB demonstrate an important phenotypic patho-
logical diversity with more than 10 described histological subtypes and
high intra-tumor heterogeneity. Epithelial HB may exhibit several pat-
terns (alone or in combination): fetal, embryonal, small cell undiffer-
entiated, cholangioblastic and macrotrabecular. The mixed
mesenchymal-epithelial HB subtype is characterized by the presence of
mature and immature fibrous tissue, chondroid and osteoid components,
as well as of teratoid features (endodermal, neuroectodermal tissue and
striated muscle) that account for the embryonal origin of this tumor[14,
15]. At the genomic level, HB are characterized by a very low number of
somatic coding mutations and only a few cancer driver genes with
recurrent alterations[16-18]. p-catenin is the oncogene most frequently
activated by mutations in CTNNB1 (~90% of HB) or APC (~5%) genes.
Oncogenic Insulin Growth Factor type 2 (IGF2) over-expression is the
second hallmark of HB due to 11p15.5 alteration in ~80% of tumors,
including 17% of the patients with pre-neoplastic mosaic expansions in
the liver [17,19,20]. In contrast, recurrent alterations in TERT (~10%)
are identified mainly in old children with HB, and their association with
poor prognosis remains to be validated [10,11,16,17,19,21].

Despite this relative genomic simplicity, three major transcriptomic
HB sub-classes have been described: (1) well-differentiated tumors
related to fetal histology (Cairo-Hooks ‘C’ / Hirsch ‘Hepatocytic’ /
Nagae ‘Hepatocyte’), (2) proliferative progenitor HB associated to
embryonal histology (Cairo-Hooks ‘C2A’ / Hirsch ‘Liver Progenitor’ /
Nagae ‘Proliferative’) and (3) HB with mesenchymal differentiation
(Hooks ‘C2B’ / Hirsch ‘Mesenchymal’ / Nagae ‘Mesenchymal’)[17,19,
22]. Of note, hepatocytic HBs are related to high tumor immune infil-
tration after chemotherapy[17]. In contrast, the ‘Liver Progenitor’
/proliferative tumors are able to proliferate under chemotherapy and
they are at the origin of relapses and metastases development. This has
been demonstrated by the subclonal accumulation of cisplatin-induced
mutations (SBS35 mutational signature) in primary tumors that are
retrieved clonally in HB relapses and metastases[17]. The analysis of
multiple samples or at the unique cell level also highlighted the mo-
lecular heterogeneity and cell plasticity in HB [17,23-25].

Even though several associations between molecular features, tran-
scriptomic classes and the outcome of HB patients have been described,
currently, there are still no molecular or histological markers included in

the therapeutic stratification[10,11,16,26-28]. This is partly due to the
rarity of the disease, the good overall prognosis and the difficulties to
validate in prospective settings. Understanding molecular mechanisms
at the origin of chemoresistance may help to identify patients most at
risk of relapse and metastasis and help to adapt adjuvant therapy
decisions.

We aim to evaluate the clinical relevance of the newly discovered
genomic features in driver gene alterations, cisplatin mutational signa-
ture and transcriptomic classifications to identify patients most at risk of
chemoresistance, relapse and poor survival. In this retrospective study,
all the patients treated for an HB between 1991-2021 with available (1)
clinical data with a minimal follow-up of one year, (2) DNA genomic
analyses (WES, WGS or targeted sequencing) and/or transcriptomic
analyses (RNAseq or qRT-PCR gene expression data genes) of the pri-
mary tumor, (3) written informed consent have been included.

2. Results

2.1. Clinical features and clinical prognostic factors in hepatoblastoma
cohort

In this study, 86 patients with HB were included (sex-ratio M/F=1.9,
median age at diagnosis=21.9 months, range=0-208.4 months
including 28 patients aged >=3y). Thirteen patients had PRETEXT IV
tumors and 23 patients had a metastatic disease at diagnosis (see Table 1
and Supp. Table S1 for full description). According to the CHIC strati-
fication, 44% of the patients had a high-risk HB (n = 38/86). Most of the
patients (n = 80/86, 93%) received neoadjuvant chemotherapy ac-
cording to the SIOPEL I to VI or PHITT protocols and the risk stratifi-
cation followed by surgical resection and adjuvant chemotherapy
(Supp. Table S1). Patients with CHIC high, intermediate or low-risk
received neoadjuvant intensive polychemotherapy in 31/35, 8/10,
and 8/35, respectively; the other neoadjuvant chemotherapy was based
on cisplatin alone. Six patients with localized PRETEXT I-II tumors had
surgery first, including two treated with surgery only. Among the 80
patients treated with neoadjuvant chemotherapy, 17/79 were ‘Poor-
Responders’ according to the clinical definition in supplement material
and methods with AFP decrease < 1 log and/or AFP re-ascension
(#5043, #5373, #5377, #3081, #3086, #3370, #3549, #3660,
#3944, #4001) during the neoadjuvant chemotherapy (Supp. Fig. S1).
Among these ‘Poor-Responders’, 4 patients had progressive disease at
imaging during neoadjuvant chemotherapy (#3549, #5233, #3676),
including one patient (#5377) who died of tumor progression before
surgery. Conversely all the ‘Good Responders’ showed a shrinkage of
tumor volume > 30% (RECIST) and a decrease of AFP > 1 log10 without
re-ascension of AFP at 2 consecutive times with a minimum of one week
in-between and no sign of progressive disease at imaging (lesion
increasing and/or new lesion)[9,29].

At the end of the treatment (chemotherapies and surgeries), 88% of
the patients were in complete remission (n = 73/83), including 9 pa-
tients ‘Poor-Responders’ to neoadjuvant chemotherapy. Among the 10
patients with residual disease at the end of first-line treatment, 8 were
already ‘Poor-Responders’ to the neoadjuvant chemotherapy (p <
0.0001). After a median follow-up of 63 months (range: 7-283 months),
progression was observed in 10 patients (4 during neoadjuvant
chemotherapy and 6 after adjuvant chemotherapy), 18 patients relapsed
(including one relapse 13 years after the initial diagnosis), and 14 pa-
tients died of progressive disease. Moreover, one patient in complete
remission of his HB died of acute myeloid leukemia 42 months after the
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Table 1
Demographic and clinical data of hepatoblastoma series (n=86).
Number of Number
analyzed (%)/Median
patients (min-max)
Age at diagnosis (months) 86 21.9 (0-208.4)
< 3 years 58 (67.4%)
3 - 8 years 16 (18.6%)
> 8 years 12 (14%)
Gender (Male) 86 56 (65.1%)
Predisposition 86
FAP 5 (5.8%)
BWS 2 (2.3%)
Simpson-Golabi-Behmel Sd 1(1.2%)
Duchene Myopathy 1(1.2%)
PRETEXT stage I 86 4 (4.6%)
I 40 (46.5%)
III 29 (33.7%)
A% 13 (15.1%)
V-Hepatic vein and/or vena cava invasion Yes 67 7 (10.4%)
No 60 (89.6%)
P- Portal vein invasion Yes 82 11 (13.4%)
No 71 (86.6%)
E-Extra-hepatic invasion Yes 77 4 (5.2%)
No 73 (94.8%)
R-Ruptur at diagnosis Yes 82 10 (12.2%)
No 72 (87.8%)
F-multifocality Yes 79 18 (22.8%)
No 61 (77.2%)
Metastases at diagnosis 86 23 (26.7%)
AFP serum level at diagnosis (ng/ml) 86 442683 (11.5-
2700000)
<100 ng/ml 1(1.2%)
100-1000ng/ml 3(3.5%)
CHIC risk stratification Very-low/Low 86 38 (44.2%)
Intermediate 10 (11.6%)
High 38 (44.2%)
Chemotherapy Cisplatin alone 80 33 (41.2%)
Intensive polychemotherapy 47 (58.8%)
AFP serum level after neoadjuvant 79 2799.5 (7-
chemotherapy (ng/ml) 1111111)
Response to neo-adjuvant chemotherapy 79 62 (78.5%)
‘Good-Responder’
Poor- 17 (21.5%)
Responder’
Surgery Partial liver resection 86 76 (88.4%)
Liver transplantation 9 (10.5%)
No surgery 1(1.2%)
Status at the end of treatment: Complete 83 73 (88%)
remission
Residual disease 10 (12%)
Outcome during the FU  Progression 86 10 (11.6%)
Relapse 86 18 (20.9%)
Death 86 14 (16.3%)

Abbreviation: BWS=Beckwith Weidemann Syndrome; FAP= Familial adeno-
matous polyposis; Sd = syndrome;

Pretext= Pre-treatment extension disease; AFP= alpha-fetoprotein; FU = Follow
up

diagnosis of HB and has been excluded of the disease specific survival
analyses (considering only death due to HB progression). All 6 patients
without neoadjuvant chemotherapy are in persistent complete remis-
sion. The 5-year time to progression (TTP) and disease-specific survival
(DSS) were 69% (CI95: 59-79%) and 83% (CI95:76-92%), respectively
(Supp. Fig. S2).

In univariate analysis, poor prognosis was associated with old age (>
3 years old at diagnosis, TTP: HR 4.1 (CI95: 1.9-8.8), p = 0.0003; DSS:
HR 3.1 (CI195:1.1-8.8), p = 0.039), Pretext IV tumor (TTP: HR 2.7 (CI95:
1.2-6.2), p = 0.019; DDS: HR 3.5 (CI95: 1.2-10.5), p = 0.025), CHIC
high-risk (TTP: HR 3.1 (CI95: 1.4-6.8), p = 0.0057; DSS: HR 3.4
(C195:1.1-10.9), p = 0.038), poor response to neoadjuvant chemo-
therapy (TPP: HR 3.8 (CI95: 1.7-8.2), p = 0.0008; DSS: HR 8 (CI95:
2.6-24.7), p = 0.0003), and residual disease at the end of the initial
treatment (after adjuvant chemotherapy, TTP: HR 15.1 (CI95:
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6.1-37.7), p < 0.0001; DSS: HR51.1 (CI95:13-200), p < 0.0001)
(Fig. 1). In contrast, metastases at diagnosis was associated with an
increased risk of progression (HR: 2.7 (CI95:1.3-5.7), p = 0.0093)
without significant increased risk of death (Fig. 1A). In the overall series
of patients, neoadjuvant intensive polychemotherapy was associated
with TTP and DSS compared with cisplatin alone but not with response
to neoadjuvant chemotherapy (Fig. 1A). As CHIC stratification includes
age, PRETEXT and AFP at diagnosis, we performed a multivariate
analysis with the remaining feature evaluated at the surgery of the
primary tumor, i.e. response to neoadjuvant chemotherapy. We showed
that CHIC-High risk and poor response were independently related to
survival (p = 0.0311 and p = 0.0016, respectively) (Fig. 1A).

2.2. Cancer driver gene mutations and mutational signatures with clinical
relevance

The Wnt/p-catenin pathway was the most altered oncogenic
pathway in HB (98.8%, n = 82/83, 3 tumors highly contaminated by
normal cells were not analyzed). More precisely, CTNNB1 was the most
frequently mutated gene (91.6%, n = 76/83), followed by 6 APC mu-
tations (including 5 germline) and AXIN1 germline mutation in one case
(Supp. Fig. S3). All CTNNB1, APC germline and AXIN1 germline mu-
tations were exclusive to each other (Supp. Fig. S3). Alterations in the
Wnt/p-catenin pathway had no impact on prognosis (Fig. 2A). Alter-
ations of the 11p15.5 locus were identified in 55/74 cases (74.3%)
including chromosome 11p15.5 loss of heterozygosity (cnLOH, n = 31
or LOH, n = 2), IC1/IC2 methylation alterations (n = 19) or CDKN1C
alterations (n = 3), and 11p15.5 locus alteration was associated to a
higher risk of progressive disease (p = 0.040) (Fig. 2A). Mosaic 11p15.5
locus alterations were also identified in the non-tumor liver tissues of
12/70 cases (17%), without impact on prognosis (TTP log-Rank
p = 0.74; DSS log-Rank p = 0.89) according to Pilet et al[20]. Beyond
the Wnt/p-catenin pathway and 11p15.5 locus alterations, TERT pro-
moter mutation (n = 9/81) was more frequently identified in old chil-
dren (p < 0.0001) and in tumors with macrotrabecular architecture
(p = 0.0009), without association with response to neoadjuvant
chemotherapy and survival (Supp. Fig. S3-54).

Regarding rare driver mutations in univariate analysis using the COX
model, NFE2L2 mutation (n = 4/83) and NF1 mutation (n = 3/63) were
associated with a poor TTP (p =0.0003 and p < 0.0001) and DSS
(p < 0.0001 and p =0.043), and a poor-response to neoadjuvant
chemotherapy according to the clinical definition (p = 0.0019 and
p = 0.023) (Fig. 2A-B). In contrast, MDM4 amplification (n = 5/64) was
associated with more frequent HB progression (p = 0.0003) but not with
survival (p =0.96) and response to neoadjuvant chemotherapy
(p = 0.21) (Fig. 2A). Nevertheless, all these results concerned few pa-
tients (Supp. Fig. S3). In order to be more relevant in our analyses, we
considered all the rare driver mutations together. A total of 24 tumors
out of 65 demonstrated at least one mutation in either NFE2L2,
RPS6KA3, GPC3, NF1, CREBBP, BCORL1, ASXL1, DDX3X, LEFI,
ARIDIA, NOTCH1, MDM4, FGF19/CCND1, KEAP1, or IRF2 (Supp.
Fig. S3); interestingly these children showed poor TTP (p = 0.0005) and
DSS (p =0.0092), and were enriched in ‘Poor-Responders’ to neo-
adjuvant chemotherapy (p = 0.0017) (Fig. 2A-B). The presence of a rare
driver mutation was not associated with the age at diagnosis (p = 0.70).

SBS35 cisplatin mutational signature was identified in 33.3% of the
tumors resected after neoadjuvant chemotherapy (n =18/54) and
associated with TTP (p = 0.015) and DSS (p = 0.027) (Fig. 2A-B). As
expected, SBS35 cisplatin mutational signature was not identified in the
7 samples from tumor without neoadjuvant chemotherapy (6 patients
resected at diagnosis and 1 patient with only a biopsy at diagnosis who
died before surgery). Regarding the response to neoadjuvant chemo-
therapy, 56% of patients with an SBS35 cisplatin mutational signature
were ‘Poor-Responders’ while only 11% of patients without SBS35 were
‘Poor-Responders’ (10/18 vs 4/35, p = 0.001) (Fig. 2B).
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A TTP univariate DSS univariate DSS Multivariate
HR CI95 p-value HR CI95 p-value HR CI95 p-value
Age at diagnosis 23 years 28/86 4.11 (1.9-8.8) 0.00027 31 (1.1-88) 0.039
Gender: female 30/86 1.3 (0.6-28) 049 20 (0.7-58) 0.19
PRETEXT IV 13/86 2.7 (1.2-6.2) 0.019 35 (1.2-105) 0.025
Multifocality 18/79 30 (1.4-6.7) 0.061 27 (0.8-85) 0.092
Metastases at diagnosis 23/86 2.7 (1.3-5.7) 0.0093 21 (0.7-6.0) 0.17
High-risk CHIC stratification 38/86 3.1 (1.4-6.8) 0.0057 34 (1.1-109) 0.038 37 (1.1-121) 0.031
Neoadjuvant polychemotherapy 47/80 24 (1-56)  0.050 47  (1-21) 0.043
‘Poor-Responder’ to neoadjuvant
chemotherapy 17/79 38 (1.7-8.2) 0.00078 80 (26-24.7) 0.00028 88 (2.8-27.5) 0.00016
No complete remission
at the end of initial treatment 10/83 151 (6.1-37.7) <0.0001 51.1 (13-200) <0.0001
B Age at diagnosis C  CHIC risk stratification D Neo-adjuvant chemotherapy
< 3years Very-low/low ‘Good-Responder’
> 3years :_r:_tehnnediate ‘Poor-Responder’
9
Time to progression
100% 100% 100%
75% 75% |c | 75%
g L,
@ 50% 50% 50%
=
25% 25% 25%
Log-rank p=0.00022 Log-rank p=0.02 Log-rank p<0.0001
0% 0% 0%
[ 12 24 36 48 60 [} 12 24 38 8 60 0 12 4 48 60
(months) (months) %monthsss)
—Isa 49 48 46 37 29 =1 ¥ 2 ¥ % ® - 62 52 48 44 36 28
- 28 18 12 9 9 7 _|_3~s 3 3 % 18 - |17 8 6 6 5 3
Disease-specific survival
100% 100% 100%
TR
75% 75% ' 75%
3
@ 50% 50% 50%
[72]
fa)
25% 25% 25%
Log-rank p=0.029 Log-rank p=0.046 Log-rank p<0.0001
0% 0% 0%
0 12 24 36 48 60 0 12 24 36 48 60 0 12 24 3 48 60
(months) months) (months)
- |58 58 53 51 41 33 ",l?s % e 2 2 62 62 59 54 45 36
-028 27 22 16 15 12 =18 ¥ % % B B -17_ 16 10 8 6 4

Fig. 1. Survival analysis of clinical data of hepatoblastoma cohort. A) Univariate and multivariate® analysis of clinical data for time to progression (TTP) and disease-
specific survival (DSS) in 86 hepatoblastomas using Cox Model. B-D) Time to progression (TPP) and disease specific survival (DSS) according to clinical data (n = 86)
using log-rank test and Kaplan-Meier: B) age at diagnosis, C) CHIC risk stratification, and D) response to neo-adjuvant chemotherapy. *Due to the low number of
events in our series (death=14), to evaluate the independent predictive value of the DSS risk factors, bivariate analysis has been realized between the most
representative clinical variable and the poor response to neoadjuvant chemotherapy.

2.3. Histo-molecular phenotype of HB with clinical relevance

We classified 85/86 HB tumors of our series according to our 3-sub-
types transcriptomic classification and immune classification as already
described in Hirsch et al [17]. We identified tumors belonging to our
transcriptomic  classification (‘Hepatocytic’, ‘Liver Progenitor’,

‘Mesenchymal’) subtypes with a close correlation with Cairo classifica-
tions (C1/C2), Hooks classifications (C1/C2A/C2B), and Nagae classi-
fications (Hepatocyte, Proliferative, Mesenchymal) (all p < 0.0001)
(Supp. Fig. S5). Transcriptomic classification was also closely associated
with the majority of histological component of HB in 85 patients’ sam-
ples (p < 0.0001): 15/16 embryonal samples were classified ‘Liver
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A TP DSS
HR CI95 p-value HR ClI95 p-value

CTNNB1 76/83 06 (0.2-2.1) 047 >107 (0-inf) 1
APC* 6/67 08 (0.2-34) 076 0 (0-inf) 1
11p15.5 locus alteration** 55/74 46 (1.1-19.7) 0.040 42 (0.5-32.7) 0.17
TERT promoter 981 19 (07-52) 0.19 45 (0.3-6.6) 0.62
Rare drivers mutation*** 24/65 44 (1.9-10.1) 0.0005 48 (1.5-15.6) 0.0092
NFE2L2 4/83 8 (2.6-24.6) 0.0003 146 (3.8-56.1) <0.0001
MDM4 5/64 6.7 (2.4-19.1) 0.0003 1.1 (0.1-8.1) 0.96
GPC3 3/63 25 (0.6-10.8) 0.21 44 (0.9-19.8)  0.056
NF 1> 3/63 24  (5.2-109.7) <0.0001 48 (1.1-22.4)  0.043

SBS35 cisplatin mutational signature
(after neoadjuvant chemotherapy)

*including 5 patients with germline mutation

*including 12 mosaic alteration in normal liver

~*NFE2L2, RPS6KA3, GPC3, NF1, CREBBP, BCORL1, ASXL1, DDX3X, LEF1, ARID1A, NOTCH1 KEAP1, MDM4,
FGF19/CCND1, or IRF2

**including 1 patient with germline mutation

18/54 29 (1.269) 0.015 37 (1.2-11.7) 0.027

SBS35 cisplatin
B Rare driver mutation C NFE2L2 mutation mutational signature
No M ves No M ves No M ves

Poor-response to neoadjuvant chemotherapy

= 100% 4 100% 1 100%
75% 1 75% 1 75%
1 50% 1 50%
p =0.0017 p = 0.0019 p =0.001
1 25% 1 25%
13/72
e 4/36 - - 4/35

Time to progression

Poor-Responders (%
N
§ §

100% : 100% 100%
75% 75% 75%
s
E 50% 50% 50%
25% 25% 25%
Log-rank p<0.0001 Log-rank p<0.0001 Log-rank p=0.01
0% 0% 0%
0 12 24 36 48 60 [ 12 24 36 48 60 0 12 24 36 48 60
(months) (months) (months)
|41 37 33 32 27 23 - |79 64 59 55 46 36 = |36 30 26 26 24 21
-_— |_25 13 10 9 8 7 -4 1 0 0 0 0 = (18 10 8 7 4 2
Disease-specific survival
100% 100% 100%
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0 12 24 3 48 60 0 12 (24 48 60 0 12 24 36 48 60
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=141 41 38 37 31 26 - |79 78 72 66 56 45 —
- |24 23 17 13 11 10 — |4 4 1 1 0 0 — |:15g ?g ?g :1"(2) 269 245

Fig. 2. Survival analysis of mutational data of hepatoblastoma cohort. A) Univariate analysis of gene mutations for time to progression (TTP) and disease-specific
survival (DSS) in 86 hepatoblastomas using Cox Model. B-C) Response to neoadjuvant chemotherapy, time to progression (TTP) and disease-specific survival (DSS)
according to mutational data using log-rank test and Kaplan-Meier: B) presence of rare driver mutations, C) NFE2L2 mutation, and D) SBS35 cisplatin mutational
signature after neoadjuvant chemotherapy.
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Progenitor’, 43/58 fetal samples were classified hepatocytic and 11/11
mesenchymal samples were classified mesenchymal (Supp. Fig. S5).
In the survival analysis, patients with ‘Liver Progenitor’ and ‘lmmune
Cold’ tumors after neoadjuvant chemotherapy had a poorer TTP (log-
rank p = 0.00045 and log-rank p = 0.0015, respectively) and DSS (log-
rank p = 0.00049 and log-rank p = 0.0011, respectively). They were
mostly ‘Poor-Responders’ to neoadjuvant chemotherapy (12/24 LP vs 4/
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53 non-LP, and 14/30 cold vs 2/48 hot, p < 0.0001) and frequently
harbored SBS35 cisplatin mutational signature (17/22 LP vs 1/32 non-
LP, and 18/26 cold vs 0/28 hot, p < 0.0001) (Fig. 3A-B). Since HB tu-
mors are highly heterogeneous, we tested if the histological reviewing of
the whole surgical specimen after neoadjuvant chemotherapy could
reflect the ‘Liver Progenitor’ molecular subtype and predict survival
[17]. Tumors with an embryonal predominant type at histology
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Fig. 3. Survival analysis of histo-molecular data of hepatoblastoma cohort. A-C) Time to progression (TTP), disease-specific survival (DSS) and response to neo-
adjuvant chemotherapy according with the histo-molecular phenotype for patients resected after neoadjuvant chemotherapy (n = 79): ‘Liver Progenitor’ subtype (A),
immune score (B), embryonal predominant type at histology on surgical specimen after neoadjuvant chemotherapy (C).
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(n =8/79, 10.1%) had a poorer TTP (log-rank p < 0.0001) and DSS
(log-rank p = 0.0013) (Fig. 3C), and were enriched in ‘Poor-Responders’
patients to neoadjuvant chemotherapy (p = 0.0077). Of note, among the
6 HB resected before chemotherapy, only one of them showed an
embryonal predominant type at histology, and all survived without
progressive disease (Supp. Fig. S5).

‘Good Responders’
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2.4. Absolute AFP serum value after neoadjuvant chemotherapy is
associated with chemoresistance and histo-molecular features

Absolute AFP level at the end of chemotherapy is influenced by many
factors, including initial level and response to chemotherapy. We hy-
pothesized that this absolute level could also reflect some biological
features of HB. Therefore, we analyzed HB features ranked according to
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Fig. 4. Clinical, mutational, and histo-molecular features according with response to neoadjuvant chemotherapy. A) Heatmap representation of absolute AFP after
neoadjuvant chemotherapy and good/poor response to neoadjuvant chemotherapy, and univariate analysis of absolute AFP after neoadjuvant chemotherapy among
the features. The heatmap also shows mRNA expression in 77 HB for 28 key genes representative of hepatic differentiation, progenitor, mesenchymal and prolif-
eration markers, as well as markers of immune infiltration. B) Association of absolute AFP after neoadjuvant chemotherapy among the features within the ‘Good-

Responder’ patients.
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the medical definition of good and poor responses (see material and
methods), and absolute AFP serum value after neoadjuvant chemo-
therapy (Fig. 4). As expected, AFP at the end of neoadjuvant chemo-
therapy was higher in ‘Poor Responders’ patients compared to ‘Good
Responders’ patients (p < 0.0001). Tumors meeting one of the 3 mo-
lecular features associated with chemo-resistance, ‘SBS35 mutational
signature’, ‘Liver Progenitor’ transcriptomic subtype, or ‘Immune Cold’
were associated with higher absolute AFP serum value at the end of
neoadjuvant chemotherapy in the overall cohort of patients
(p < 0.0001, Fig. 4 A) and in the subgroup of ‘Good Responder’ patients
(Fig. 4B). Among patients with CHIC high-risk, 27/35 obtained a good
response after neoadjuvant chemotherapy, they were associated with a
lower AFP at the end of neoadjuvant chemotherapy (p = 0.028), an
‘Immune Hot’ (p = 0.00042) and ‘Hepatocytic’ transcriptomic pheno-
type (p = 0.018) compared to the CHIC high-risk ‘Poor-Responders’
patients.

2.5. Integration of clinical and molecular features associated with
prognosis and response to chemotherapy

To integrate associations with prognosis and response to neo-
adjuvant chemotherapy, we identified two major clusters of features in a
correlogram according to Fisher test (Fig. 5). Cluster 1 included closely
related features (older age, presence of metastases, PRETEXT IV, High
risk CHIC stratification, and TERT promoter mutation), it was associated
with poor survival but not with response to neoadjuvant chemotherapy
(Fig. 5). In contrast, cluster 2 included ‘Liver Progenitor’, Immune Cold’
subtypes, mutations in rare drivers, SBS35 cisplatin mutational signa-
ture, and embryonal predominant type at histology, these features were
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highly associated together, but also with both poor survival and poor
response to neoadjuvant chemotherapy (Fig. 5). Interestingly, in
multivariate analysis, molecular phenotypes after neoadjuvant chemo-
therapy were associated with DSS independently of clinical features
(p < 0.05) (Fig. 5 and Supp Fig. S6). In addition, we showed that
presence of rare driver mutation was associated with DSS independently
of other molecular features (p < 0.05) (Supp Fig. S6).

3. Discussion

In this study, we highlighted new molecular features (rare driver
mutations, SBS35 mutational signature of cisplatin resistance, ‘Liver
Progenitor’ and ‘Immune Cold’ transcriptomic subtypes) of post-
chemotherapy HBs predictive of chemoresistance, progression, and
death independently of the known clinical features of aggressiveness at
diagnosis such as age, PRETEXT, or CHIC stratification. A better un-
derstanding of the molecular bases associated with poor survival and
poor response to neoadjuvant chemotherapy could help to identify
earlier patients resistant to chemotherapy and adapt adjuvant therapy
decisions. In the spirit of translating the molecular biomarkers into
clinical practice, we showed that a major component of embryonal
histology in the pathological reviewing of the tumor and the slow
decrease of AFP during neoadjuvant chemotherapy are reliable markers
to predict chemoresistance and survival, that remain to be validated in
prospective series of treated patients. Our perspectives for translation in
clinical practice are 1) quantification of the embryonal / Liver Progen-
itor / Immune cold sector, 2) readout of resistance to cisplatin using
SBS35 assessment in clinical practice to perform a temporal follow-up
during treatment, either in tumor or liquid biopsies, and 3) interest of
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Fig. 5. Integration of clinical, mutational, and histo-molecular analysis. Correlogram of Fisher test, univariate, and multivariate® analysis using Cox model of disease-
specific survival of clinical, histo-molecular, and mutational features in hepatoblastoma series (n = 86). “Due to the low number of events in our series (death=14), to
evaluate the independent predictive value of the DSS risk factors, bivariate analysis has been realized between the most representative clinical variable and the poor

response to neoadjuvant chemotherapy.



A. Pire et al.

using novel therapeutic approaches directly targeting the chemo-
resistant Liver Progenitor cells, for instance with inhibitors of PLK1,
CHEK1 or Survivin as described in Hirsch et al, Cancer Discov. 2021.

Currently, a major objective to improve the multidisciplinary care of
children with HB is to identify more accurately patients the most at risk
of recurrence, chemoresistance, and poor prognosis[2-8]. In the present
study, our cohort of 86 patients was representative of classical HB pa-
tients treated in western countries, with a similar sex-ratio of 2:1 but
slightly enriched in older patients and metastatic disease at diagnosis
[5]. All patients included were diagnosed as hepatoblastoma by expert
pathologists, independently of age, but we cannot exclude that potential
HCN-NOS (Hepatocellular Neoplasm Not Otherwise Specified) are
included in the analysis since this diagnosis is debated among patholo-
gists. In our cohort, CHIC high-risk patients, according to the most
recent system of risk stratification, were associated with progression and
survival but not with resistance to the initial neoadjuvant chemotherapy
[3,11,13]. According to the SIOPEL recommendations, most of the
children in our series (93%) were treated with neoadjuvant
cisplatin-based chemotherapy followed by surgery and adjuvant
chemotherapy [2,5,12,30-33]. This historically therapeutic strategy is
different from the US where some of the children are treated first by
surgery [4,34,35]. In this context, our cohort of patients enabled to
collect many tumor samples after neoadjuvant chemotherapy and thus
to deeply investigate the initial mechanisms of resistance to treatment
[2,30,33,36,37].

While B-catenin signaling pathway was activated by a mutation of
either CTNNB1, APC or AXIN1 in all tumors except one, CTNNB1 mu-
tations were not associated with prognosis as in other cohorts of patients
[11,26,27,38]. In contrast, even if 11pl5.5 alterations are also
frequently detected in HB, they were associated with an increased risk of
progression. Interestingly, TERT promoter alterations that are found in
11% of HB, mostly in older patients, were not associated with prognosis,
this result contrasts with previous studies[10,21,38]. However, TERT
promoter mutations were closely related to children age but not to the
prognosis. Beyond these common alterations, rare driver gene mutation
(< 10%) were gathered together, and were found in 37% of HB patients,
associated with chemoresistance and poor survival. Among these rare
driver genes altered in HB, NFE2L2 gene mutation (5%) appeared to be
the most closely associated with poor survival [10,11,16,39]. Alto-
gether, larger cohorts of HB patients should be monitored in order to
evaluate the prognosis impact of each rare driver gene in pre- and
post-chemotherapy. A key question is to understand if rare driver mu-
tations seen in post-chemotherapy HB were already present at the time
of diagnosis, or if they were selected/induced by resistance to cisplatin.
Of note, in the Japanese cohort of 103 HB analyzed before chemo-
therapy [19], only 17% of tumors harbored a rare driver alteration, as
opposed to 37% in the French cohort of post-chemotherapy tumors
enriched in HB resistant to chemotherapy. This result could be influ-
enced by (1) enrichment of HB resistant to chemotherapy in the French
analyzed cohort, and (2) the selection/induction of mutations in tumors
resistant to chemotherapy after neoadjuvant treatment (Supp Fig. S7).
Furthermore, in the Japanese cohort, rare driver alterations were not
associated with progression and survival, highlighting the importance of
analyzing post-chemotherapy samples for predictive molecular features
(Supp Fig. S7). These results should be validated in a matched pre- vs
post-chemotherapy enlarged cohort. In the present study, we identified
additional molecular markers related to tumor response and to survival.
Among them, two transcriptomic subtypes ‘Liver Progenitor’ and ‘Im-
mune Cold’ were associated with poor survival and resistance to neo-
adjuvant chemotherapy. Also, the SBS35 mutational signature, that we
previously identified as a hallmark of HB tumor cells proliferating under
chemotherapy, was mainly identified in tumor of ‘Liver Progenitor’ and
‘Immune Cold’ subtypes[17]. The mechanism of SBS35 mutation accu-
mulation is due to the ability of the ‘Liver Progenitor’ tumor cells to
bypass cisplatin-induced DNA adducts due to the overexpression of
various DNA polymerases and DNA repair factors involved in double
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strands DNA repair[17,40-42]. Here we showed that SBS35 was not
only related to survival but also to non-response to neoadjuvant
chemotherapy suggesting that SBS35 detection could be an early marker
of the risk of resistance to chemotherapy.

Evaluation of the risk of progression, relapse, and death is crucial to
define the best therapeutic scheme, with intensification or de-escalading
adjuvant chemotherapy treatments adapted to patient and tumor pro-
files. In the objective to introduce molecular markers into the clinics,
translation to surrogate histological and biological features could be a
useful strategy. In this line, we propose that the histological ‘embryonal’
pattern could be a reliable marker of the ‘Liver Progenitor’ tumors.
However, since histological and molecular heterogeneity in HB is huge,
quantification of the ‘embryonal’ tumor areas could be important on the
surgical specimen after chemotherapy [1,13,14,43]. It could be evalu-
ated to adapt adjuvant chemotherapy after surgery of the primary
tumor, or at diagnosis as proposed by Zhou and collaborators in CHIC
high-risk patients with pure embryonal pattern at biopsy [13]. A similar
strategy is already implemented for nephroblastoma, in which pre-
dominance of blastemal cancer stem cells is classified as an independent
category of poor prognosis [44,45]. Our study included 86 patients with
available clinical data and molecular data from sample after neo-
adjuvant chemotherapy. It is significant for a very rare disease like HB,
however, it is also a limitation and the proposed features associated with
resistance to chemotherapy and survival remain to be validated in large
prospective cohorts of worldwide patients.

In conclusion, response to neoadjuvant chemotherapy and survival
are associated to genomic and pathological features independently of
the known clinical features. Their introduction in clinical care should be
discussed in the future after a validation of these results in a larger
prospective series of patients.

Funding

FunGeST team (FUNctional GEnomics of Solid Tumors) is supported
by Ligue contre le cancer (équipe labellisée), SFCE (Société Francgaise de
Lutte Contre les Cancers et les Leucémies de 'Enfant), the SIRIC CAR-
PEM, PeLiCan. Resist InCa (Pediatric LIver CANcer database to combat
RESISTance to treatment, Institut National du Cancer), France
Génomique, CisMutHep InCa High-Risk High_Gain (Institut National du
Cancer), THRIVE EU Horizon funding Mission Cancer (EU-HORIZON-
MISS-2023-CANCER-01) and LabEx Immuno-Oncology, France 2030.
This work was supported by the Fondation Nuovo-Soldati, Fond national
de la recherche scientifique (F.R.S-F.N.R.S, Télévie Grant number
7.4514.22) and Salus Sanguini to AP. This work was also supported by
the Fondation pour la Recherche Médicale grant number
EC020170637540 to JP. HEPATOBIO is supported by the French Soci-
ety of Cancer in Children and adolescents (SFCE), INCa/DGOS (Institut
National du Cancer/Direction Générale de 1'Offre de Soins), Enfants et
Santé, The Gustave Roussy Foundation.

CRediT authorship contribution statement

Nagae Genta: Resources, Validation, Writing — review & editing.
Hiyama Eiso: Resources, Validation, Writing — review & editing.
Laithier Véronique: Resources, Validation, Writing — review & editing.
Coze Carole: Resources, Validation, Writing — review & editing. Lau-
rent-Puig Pierre: Methodology, Validation, Writing — review & editing.
Fabre Monique: Resources, Validation, Writing — review & editing.
Brugieres Laurence: Resources, Validation, Writing — review & editing.
Guerin Florent: Resources, Validation, Writing — review & editing.
Guettier Catherine: Resources, Validation, Writing — review & editing.
Branchereau Sophie: Resources, Validation, Writing — review & edit-
ing. Zucman-Rossi Jessica: Conceptualization, Methodology, Super-
vision, Validation, Writing — original draft, Writing — review & editing.
Imbeaud Sandrine: Data curation, Validation, Writing — review &
editing. Gupta Barkha: Data curation, Validation, Writing — review &



A. Pire et al.

editing. Taque Sophie: Resources, Validation, Writing — review &
editing. Hirsch Theo: Conceptualization, Data curation, Formal anal-
ysis, Funding acquisition, Methodology, Resources, Software, Supervi-
sion, Validation, Writing — original draft, Writing — review & editing.
Fresneau Brice: Data curation, Methodology, Resources, Validation,
Writing — review & editing. Morcrette Guillaume: Data curation,
Validation, Writing — review & editing, Resources. Pilet Jill: Data
curation, Formal analysis, Validation, Writing — review & editing.
Cornet Marianna: Data curation, Validation, Writing — review & edit-
ing. Rebouissou Sandra: Data curation, Methodology, Validation,
Writing — original draft. Sarnacki Sabine: Resources, Validation,
Writing — review & editing. Faure-Conter Cécile: Resources, Valida-
tion, Writing — review & editing. Aerts Isabelle: Resources, Validation,
Writing — review & editing. Pire Aurore: Conceptualization, Data
curation, Formal analysis, Investigation, Methodology, Validation,
Visualization, Writing — original draft, Writing — review & editing.
Chardot christophe: Resources, Validation, Writing — review & editing.
Capito Carmen: Resources, Validation, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank Jean-Pierre Couty, Bénédicte Brichard, Isabelle Scheers,
Ivan Borbath and Benoit Van Den Eynden for their critical input as
member of the thesis committee, Aurélien de Reynies, Stefano Caruso,
Long Pan and Guillaume Kon Kam King for their advices in biostatistics,
Christophe Avignon and Désirée-Angele Priso for their involvement in
HEPATOBIO.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ejca.2024.113583.

References

[1

—

Darbari A. Epidemiology of primary hepatic malignancies in U.S. children.
Hepatology 2003;38:560-6. https://doi.org/10.1053/jhep.2003.50375.

Zsiros J, Brugieres L, Brock P, Roebuck D, Maibach R, Zimmermann A, et al. Dose-
dense cisplatin-based chemotherapy and surgery for children with high-risk
hepatoblastoma (SIOPEL-4): a prospective, single-arm, feasibility study. Lancet
Oncol 2013;14:834-42. https://doi.org/10.1016/51470-2045(13)70272-9.
Meyers RL, Maibach R, Hiyama E, Héberle B, Krailo M, Rangaswami A, et al. Risk-
stratified staging in paediatric hepatoblastoma: a unified analysis from the
Children’s Hepatic tumors International Collaboration. Lancet Oncol 2017;18:
122-31. https://doi.org/10.1016/S1470-2045(16)30598-8.

Meyers RL, Rowland JR, Krailo M, Chen Z, Katzenstein HM, Malogolowkin MH.
Predictive power of pretreatment prognostic factors in children with
hepatoblastoma: A report from the Children’s Oncology Group: Pretreatment
Prognostic Factors in Hepatoblastoma. Pediatr Blood Cancer 2009;53:1016-22.
https://doi.org/10.1002/pbc.22088.

Maibach R, Roebuck D, Brugieres L, Capra M, Brock P, Dall’Igna P, et al. Prognostic
stratification for children with hepatoblastoma: The SIOPEL experience. Eur J
Cancer 2012;48:1543-9. https://doi.org/10.1016/j.ejca.2011.12.011.

Czauderna P, Haeberle B, Hiyama E, Rangaswami A, Krailo M, Maibach R, et al.
The children’s hepatic tumors International Collaboration (CHIC): Novel global
rare tumor database yields new prognostic factors in hepatoblastoma and becomes
a research model. Eur J Cancer 2016;52:92-101. https://doi.org/10.1016/j.
ejca.2015.09.023.

Zhi T, Zhang W-L, Zhang Y, Hu H-M, Huang D-S. Clinical characteristics and
prognostic factors of hepatoblastoma in 316 children aged under 3 years — a 14-
year retrospective single-center study. BMC Pedia 2021;21:170. https://doi.org/
10.1186/s12887-021-02630-2.

Towbin AJ, Meyers RL, Woodley H, Miyazaki O, Weldon CB, Morland B, et al. 2017
PRETEXT: radiologic staging system for primary hepatic malignancies of childhood
revised for the Paediatric Hepatic International Tumour Trial (PHITT). Pedia Radio
2018;48:536-54. https://doi.org/10.1007/500247-018-4078-z.

Paediatric Hepatic International Tumour Trial (PHITT). n.d.

[2

—

[3

—

[4

=

[5

—

[6

[}

[7

—

[8

—

[9

—_

10

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

European Journal of Cancer 200 (2024) 113583

Sumazin P, Chen Y, Trevino LR, Sarabia SF, Hampton OA, Patel K, et al. Genomic
analysis of hepatoblastoma identifies distinct molecular and prognostic subgroups.
Hepatology 2017;65:104-21. https://doi.org/10.1002/hep.28888.

Cairo S, Armengol C, Maibach R, Héberle B, Becker K, Carrillo-Reixach J, et al.
A combined clinical and biological risk classification improves prediction of
outcome in hepatoblastoma patients. Eur J Cancer 2020;141:30-9. https://doi.
org/10.1016/j.ejca.2020.09.026.

Brown J, Perilongo G, Sha E, Dicks-Mireaux C, Phillips A, Vos A, et al. Pretreatment
prognostic factors for children with hepatoblastoma P results from the
International Society of Paediatric Oncology (SIOP) Study SIOPEL. Eur J Cancer
2000.

Zhou S, Malvar J, Chi Y-Y, Stein J, Wang L, Genyk Y, et al. Independent assessment
of the children’s hepatic tumors international collaboration risk stratification for
hepatoblastoma and the association of tumor histological characteristics With
prognosis. JAMA Netw Open 2022;5:e2148013. https://doi.org/10.1001/
jamanetworkopen.2021.48013.

Lopez-Terrada D, Alaggio R, de Davila MT, Czauderna P, Hiyama E, Katzenstein H,
et al. Towards an international pediatric liver tumor consensus classification:
proceedings of the Los Angeles COG liver tumors symposium. Mod Pathol 2014;27:
472-91. https://doi.org/10.1038/modpathol.2013.80.

Ranganathan S, Lopez-Terrada D, Alaggio R. Hepatoblastoma and pediatric
hepatocellular carcinoma: an update. Pedia Dev Pathol 2020;23:79-95. https://
doi.org/10.1177/1093526619875228.

Eichenmiiller M, Trippel F, Kreuder M, Beck A, Schwarzmayr T, Héberle B, et al.
The genomic landscape of hepatoblastoma and their progenies with HCC-like
features. J Hepatol 2014;61:1312-20. https://doi.org/10.1016/j.
jhep.2014.08.009.

Hirsch TZ, Pilet J, Morcrette G, Roehrig A, Monteiro BJE, Molina L, et al.
Integrated genomic analysis identifies driver genes and cisplatin-resistant
progenitor phenotype in pediatric liver cancer. Cancer Discov 2021;11:2524-43.
https://doi.org/10.1158/2159-8290.CD-20-1809.

Grobner SN, , ICGC PedBrain-Seq Project, ICGC MMML-Seq Project, Worst BC,
Weischenfeldt J, Buchhalter I, et al. The landscape of genomic alterations across
childhood cancers. Nature 2018;555:321-7. https://doi.org/10.1038/
nature25480.

Nagae G, Yamamoto S, Fujita M, Fujita T, Nonaka A, Umeda T, et al. Genetic and
epigenetic basis of hepatoblastoma diversity. Nat Commun 2021;12:5423. https://
doi.org/10.1038/541467-021-25430-9.

Pilet J, Hirsch TZ, Gupta B, Roehrig A, Morcrette G, Pire A, et al. Preneoplastic
liver colonization by 11p15.5 altered mosaic cells in young children with
hepatoblastoma. Nat Commun 2023;14:7122. https://doi.org/10.1038/541467-
023-42418-9.

Sumazin P, Peters TL, Sarabia SF, Kim HR, Urbicain M, Hollingsworth EF, et al.
Hepatoblastomas with carcinoma features represent a biological spectrum of
aggressive neoplasms in children and young adults. J Hepatol 2022;77:1026-37.
https://doi.org/10.1016/j.jhep.2022.04.035.

Hooks KB, Audoux J, Fazli H, Lesjean S, Ernault T, Dugot-Senant N, et al. New
insights into diagnosis and therapeutic options for proliferative hepatoblastoma.
Hepatology 2018;68:89-102. https://doi.org/10.1002/hep.29672.

Huang H, Wu L, Lu L, Zhang Z, Qiu B, Mo J, et al. Single-cell transcriptomics
uncovers cellular architecture and developmental trajectories in hepatoblastoma.
Hepatology 2022. https://doi.org/10.1002/hep.32775.

Bondoc A, Glaser K, Jin K, Lake C, Cairo S, Geller J, et al. Identification of distinct
tumor cell populations and key genetic mechanisms through single cell sequencing
in hepatoblastoma. Commun Biol 2021;4:1049. https://doi.org/10.1038/542003-
021-02562-8.

Song H, Bucher S, Rosenberg K, Tsui M, Burhan D, Hoffman D, et al. Single-cell
analysis of hepatoblastoma identifies tumor signatures that predict chemotherapy
susceptibility using patient-specific tumor spheroids. Nat Commun 2022;13:4878.
https://doi.org/10.1038/s41467-022-32473-z.

Cairo S, Armengol C, De Reynies A, Wei Y, Thomas E, Renard C-A, et al. Hepatic
stem-like phenotype and interplay of Wnt/p-Catenin and Myc signaling in
aggressive childhood liver cancer. Cancer Cell 2008;14:471-84. https://doi.org/
10.1016/j.ccr.2008.11.002.

Weber RG, Pietsch T, von Schweinitz D, Lichter P. Characterization of genomic
alterations in hepatoblastomas. Am J Pathol 2000;157:571-8. https://doi.org/
10.1016/50002-9440(10)64567-1.

Kondo T, Honda S, Suzuki H, Ito YM, Kawakita I, Okumura K, et al. A novel risk
stratification model based on the Children’s Hepatic Tumours International
Collaboration-Hepatoblastoma Stratification and deoxyribonucleic acid
methylation analysis for hepatoblastoma. Eur J Cancer 2022;172:311-22. https://
doi.org/10.1016/j.ejca.2022.06.013.

Zsiros J, Brugieres L, Brock P, Roebuck D, Maibach R, Child M, et al. Efficacy of
irinotecan single drug treatment in children with refractory or recurrent
hepatoblastoma — a phase II trial of the childhood liver tumour strategy group
(SIOPEL). Eur J Cancer 2012;48:3456-64. https://doi.org/10.1016/j.
ejca.2012.06.023.

Perilongo G, Shafford E, Maibach R, Aronson D, Brugieres L, Brock P, et al. Risk-
adapted treatment for childhood hepatoblastoma. Eur J Cancer 2004;40:411-21.
https://doi.org/10.1016/j.€jca.2003.06.003.

Zsiros J, Maibach R, Shafford E, Brugieres L, Brock P, Czauderna P, et al. Successful
treatment of childhood high-risk hepatoblastoma with dose-intensive multiagent
chemotherapy and surgery: final results of the SIOPEL-3HR study. JCO 2010;28:
2584-90. https://doi.org/10.1200/JC0.2009.22.4857.


https://doi.org/10.1016/j.ejca.2024.113583
https://doi.org/10.1053/jhep.2003.50375
https://doi.org/10.1016/S1470-2045(13)70272-9
https://doi.org/10.1016/S1470-2045(16)30598-8
https://doi.org/10.1002/pbc.22088
https://doi.org/10.1016/j.ejca.2011.12.011
https://doi.org/10.1016/j.ejca.2015.09.023
https://doi.org/10.1016/j.ejca.2015.09.023
https://doi.org/10.1186/s12887-021-02630-2
https://doi.org/10.1186/s12887-021-02630-2
https://doi.org/10.1007/s00247-018-4078-z
https://doi.org/10.1002/hep.28888
https://doi.org/10.1016/j.ejca.2020.09.026
https://doi.org/10.1016/j.ejca.2020.09.026
http://refhub.elsevier.com/S0959-8049(24)00059-5/sbref11
http://refhub.elsevier.com/S0959-8049(24)00059-5/sbref11
http://refhub.elsevier.com/S0959-8049(24)00059-5/sbref11
http://refhub.elsevier.com/S0959-8049(24)00059-5/sbref11
https://doi.org/10.1001/jamanetworkopen.2021.48013
https://doi.org/10.1001/jamanetworkopen.2021.48013
https://doi.org/10.1038/modpathol.2013.80
https://doi.org/10.1177/1093526619875228
https://doi.org/10.1177/1093526619875228
https://doi.org/10.1016/j.jhep.2014.08.009
https://doi.org/10.1016/j.jhep.2014.08.009
https://doi.org/10.1158/2159-8290.CD-20-1809
https://doi.org/10.1038/nature25480
https://doi.org/10.1038/nature25480
https://doi.org/10.1038/s41467-021-25430-9
https://doi.org/10.1038/s41467-021-25430-9
https://doi.org/10.1038/s41467-023-42418-9
https://doi.org/10.1038/s41467-023-42418-9
https://doi.org/10.1016/j.jhep.2022.04.035
https://doi.org/10.1002/hep.29672
https://doi.org/10.1002/hep.32775
https://doi.org/10.1038/s42003-021-02562-8
https://doi.org/10.1038/s42003-021-02562-8
https://doi.org/10.1038/s41467-022-32473-z
https://doi.org/10.1016/j.ccr.2008.11.002
https://doi.org/10.1016/j.ccr.2008.11.002
https://doi.org/10.1016/S0002-9440(10)64567-1
https://doi.org/10.1016/S0002-9440(10)64567-1
https://doi.org/10.1016/j.ejca.2022.06.013
https://doi.org/10.1016/j.ejca.2022.06.013
https://doi.org/10.1016/j.ejca.2012.06.023
https://doi.org/10.1016/j.ejca.2012.06.023
https://doi.org/10.1016/j.ejca.2003.06.003
https://doi.org/10.1200/JCO.2009.22.4857

A. Pire et al.

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Perilongo G, Shafford E, Plaschkes J. SIOPEL trials using preoperative
chemotherapy in hepatoblastoma. Lancet Oncol 2000;1:94-100. https://doi.org/
10.1016/51470-2045(00)00018-8.

Perilongo G, Maibach R, Shafford E, Brugieres L, Brock P, Morland B, et al.
Cisplatin versus cisplatin plus doxorubicin for standard-risk hepatoblastoma.

N Engl J Med 2009;361:1662-70. https://doi.org/10.1056/NEJMo0a0810613.
Malogolowkin MH, Katzenstein HM, Meyers RL, Krailo MD, Rowland JM, Haas J,
et al. Complete surgical resection is curative for children with hepatoblastoma with
pure fetal histology: a report from the Children’s Oncology Group. JCO 2011;29:
3301-6. https://doi.org/10.1200/JC0.2010.29.3837.

Katzenstein HM, Langham MR, Malogolowkin MH, Krailo MD, Towbin AJ,
McCarville MB, et al. Minimal adjuvant chemotherapy for children with
hepatoblastoma resected at diagnosis (AHEP0731): a Children’s Oncology Group,
multicentre, phase 3 trial. Lancet Oncol 2019;20:719-27. https://doi.org/
10.1016/51470-2045(18)30895-7.

Zsiros J, Brugieres L, Brock P, Roebuck D, Maibach R, Child M, et al. Efficacy of
irinotecan single drug treatment in children with refractory or recurrent
hepatoblastoma — a phase II trial of the childhood liver tumour strategy group
(SIOPEL). Eur J Cancer 2012;48:3456-64. https://doi.org/10.1016/j.
ejca.2012.06.023.

Katzenstein HM, Furman WL, Malogolowkin M, Krailo MD, McCarville MB,
Towbin A, et al. Vincristine/irinotecan upfront window treatment of high-risk
hepatoblastoma: a report from the Children’s Oncology Group (COG) AHEP0731
study committee. 10516-10516 JCO 2016;34. https://doi.org/10.1200/
JCO0.2016.34.15_suppl.10516.

Ueda Y, Hiyama E, Kamimatsuse A, Kamei N, Ogura K, Sueda T. Wnt signaling and
telomerase activation of hepatoblastoma: correlation with chemosensitivity and
surgical resectability. J Pediatr Surg 2011;46:2221-7. https://doi.org/10.1016/j.

jpedsurg.2011.09.003.

11

[39]

[40]

[41]

[42]

[43]

[44]

[45]

European Journal of Cancer 200 (2024) 113583

Carrillo-Reixach J, Torrens L, Simon-Coma M, Royo L, Domingo-Sabat M, Abril-
Fornaguera J, et al. Epigenetic footprint enables molecular risk stratification of
hepatoblastoma with clinical implications. J Hepatol 2020;73:328-41. https://doi.
org/10.1016/j.jhep.2020.03.025.

Alexandrov LB, Kim J, , PCAWG Mutational Signatures Working Group,
Haradhvala NJ, Huang MN, Tian Ng AW, et al. The repertoire of mutational
signatures in human cancer. Nature 2020;578:94-101. https://doi.org/10.1038/
$41586-020-1943-3.

Degasperi A, Zou X, Dias Amarante T, Martinez-Martinez A, Koh GCC, Dias JML,
et al. Substitution mutational signatures in whole-genome-sequenced cancers in
the UK population. Science 2022;376:abl9283. https://doi.org/10.1126/science.
abl9283.

Boot A, Huang MN, Ng AWT, Ho S-C, Lim JQ, Kawakami Y, et al. In-depth
characterization of the cisplatin mutational signature in human cell lines and in
esophageal and liver tumors. Genome Res 2018;28:654-65. https://doi.org/
10.1101/gr.230219.117.

Morgan Auld F, Sergi CM. Surgical pathology diagnostic pitfalls of hepatoblastoma.
Int J Surg Pathol 2022;30:480-91. https://doi.org/10.1177/10668969211070178.
Raved D, Tokatly-Latzer I, Anafi L, Harari-Steinberg O, Barshack I, Dekel B, et al.
Blastemal NCAM+ALDH1+ Wilms’ tumor cancer stem cells correlate with disease
progression and poor clinical outcome: a pilot study. Pathol - Res Pract 2019;215:
152491. https://doi.org/10.1016/.prp.2019.152491.

Vujani¢ G.M., on behalf of the International Society of Paediatric Oncology-Renal
Tumour Study Group (SIOP-RTSG), Gessler M., Ooms A.H.A.G., Collini P.,
Coulomb-l'Hermine A., et al. The UMBRELLA SIOP-RTSG 2016 Wilms tumour
pathology and molecular biology protocol. Nat Rev Urol 2018;15:693-701. http
s://doi.org/10.1038/s41585-018-0100-3.


https://doi.org/10.1016/S1470-2045(00)00018-8
https://doi.org/10.1016/S1470-2045(00)00018-8
https://doi.org/10.1056/NEJMoa0810613
https://doi.org/10.1200/JCO.2010.29.3837
https://doi.org/10.1016/S1470-2045(18)30895-7
https://doi.org/10.1016/S1470-2045(18)30895-7
https://doi.org/10.1016/j.ejca.2012.06.023
https://doi.org/10.1016/j.ejca.2012.06.023
https://doi.org/10.1200/JCO.2016.34.15_suppl.10516
https://doi.org/10.1200/JCO.2016.34.15_suppl.10516
https://doi.org/10.1016/j.jpedsurg.2011.09.003
https://doi.org/10.1016/j.jpedsurg.2011.09.003
https://doi.org/10.1016/j.jhep.2020.03.025
https://doi.org/10.1016/j.jhep.2020.03.025
https://doi.org/10.1038/s41586-020-1943-3
https://doi.org/10.1038/s41586-020-1943-3
https://doi.org/10.1126/science.abl9283
https://doi.org/10.1126/science.abl9283
https://doi.org/10.1101/gr.230219.117
https://doi.org/10.1101/gr.230219.117
https://doi.org/10.1177/10668969211070178
https://doi.org/10.1016/j.prp.2019.152491
https://doi.org/10.1038/s41585-018-0100-3
https://doi.org/10.1038/s41585-018-0100-3

	Mutational signature, cancer driver genes mutations and transcriptomic subgroups predict hepatoblastoma survival
	1 Introduction
	2 Results
	2.1 Clinical features and clinical prognostic factors in hepatoblastoma cohort
	2.2 Cancer driver gene mutations and mutational signatures with clinical relevance
	2.3 Histo-molecular phenotype of HB with clinical relevance
	2.4 Absolute AFP serum value after neoadjuvant chemotherapy is associated with chemoresistance and histo-molecular features
	2.5 Integration of clinical and molecular features associated with prognosis and response to chemotherapy

	3 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	References


