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1.1 Childhood cancer              

Malignant tumors in children and adolescents are rare events, even though 

they represent approximately 1-2% of all cancers and are one of the leading causes 

of death from disease in this population (Crist and Larry, 1991; Grovas et al., 1997; 

Zarzosa et al., 2017). During the 80s and 90s, the curation rate for solid tumors 

increased as much as 50%, mostly due to the definition of histologic subtypes related 

to prognosis that were incorporated in the clinical staging systems, the improvement 

of tumor imaging techniques and the progress of chemotherapeutic treatments 

with decreased side effects (Crist and Larry, 1991). 

 In Spain, 155.5 new cases per million children among 0-14 years are 

diagnosed each year according to the last report of the Spanish Registry of 

Childhood Tumors of the Spanish Society of Pediatric Hematology and Oncology 

(RETI-SEHOP) (R Peris Bonet et al., 2016). The incidence of the different tumor types 

in Spain is similar to neighbor countries such as France, Germany or the United 

Kingdom (Figure 1A) (Reti-Sehop, 2014). 

Figure 1. Incidence of pediatric tumors in Spain is similar to other European countries. 

Comparison of the incidence of the main childhood tumors in Spain, Germany, France 

and United Kingdom (A). Incidence of the different tumor types in Spain (B). 

Abbreviations: CNS, Central Nervous System; STS, Soft Tissue Sarcomas. Modified from the 

RETI-SEHOP report (Reti-Sehop, 2014).  
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According to the RETI-SEHOP report of 2014, ºmain tumors in childhood are 

leukemia (30%) and CNS tumors (21.5%) followed by Lymphomas (12.9%) and 

Neuroblasotma (8.8%). Liver tumors represent the seventh most frequent childhood 

cancer in Spain (Figure 1B). 

 

1.2 Liver tumors in childhood: clinical and pathological features 

Pediatric liver tumors can be categorized as benign or malignant and as 

some of the benign lesions can undergo malignant transformation, the therapeutic 

strategy can change (Emre, Umman and Rodriguez-Davalos, 2012). Benign lesions 

of the liver in childhood represent about 30% of pediatric primary liver masses and 

comprise hepatic hemangioendothelioma, mesenchymal hamartoma, focal 

nodular hyperplasia, nodular regenerative hyperplasia and hepatic adenoma 

(Litten and Tomlinson, 2008; Chiorean et al., 2015). Malignant tumors of the liver in 

children and adolescents under 18 years of age are rare events and account for 1-

2% of all the pediatric malignancies (Grovas et al., 1997; Litten and Tomlinson, 2008; 

Emre, Umman and Rodriguez-Davalos, 2012; Tanaka, Inoue and Horie, 2013). The 

incidence of liver cancer in infants represented 2% of malignancies by 1980 and this 

was doubled to 4% in 10 years (Emre, Umman and Rodriguez-Davalos, 2012). In 

Spain, liver tumors in children and adolescents between 0-14 years account only for 

1.4% of the pediatric tumors (Reti-Sehop, 2014). 

In contrast to adult liver tumors in which the predominant form is the 

Hepatocellular Carcinoma (HCC), the main liver tumor in children is 

Hepatoblastoma (HB), accounting for two thirds of the total (Litten and Tomlinson, 

2008; Emre, Umman and Rodriguez-Davalos, 2012). Pediatric HCC (pHCC) is even 

rarer than HB and is usually diagnosed in older patients and adolescents. In addition 

to HB and pHCC, other liver malignancies in children include sarcomas, germ cell 

tumors, and rhabdoid tumors. The histology and anatomy of a pediatric liver tumor 

guides the treatment and prognosis (Litten and Tomlinson, 2008). 
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1.2.1 Hepatoblastoma (HB) 

1.2.1.1 Incidence 

The annual incidence of HB is of 1.5 cases/million children under 15 years 

(García-Miguel and López Santamaría, 2005; Spector and Birch, 2012). HB is typically 

diagnosed during lactation or in young patients: 68% during the first 2 years of life 

and 88% in children under 5 years (García-Miguel and López Santamaría, 2005). Boys 

are affected more commonly than girls, with a male:female ratio [1.2-3.6]:1 (Emre, 

Umman and Rodriguez-Davalos, 2012). 

 

1.2.1.2 Etiology and risk factors 

 As HB is diagnosed at very early ages and as the highest incidence is at birth, 

its initiation during gestation seems to be required. The fact that HB cells resemble 

fetal or embryonal liver cells and antenatal or perinatal diagnosed cases also points 

to this early development. For this reason, events occurring around gestation 

appear to be key factors (Spector and Birch, 2012). Although risk factors for HB are 

not well characterized, it is known that the risk of developing HB increases in children 

suffering Beckwith-Wiedemann syndrome (BWS), hemihypertrophy, and familial 

adenomatous polyposis (FAP) (Darbari et al., 2003).  

BWS is an overgrowth syndrome characterized by gigantism, macroglossia, 

omphalocele, hemihypertrophy and neonatal hypoglycemia. Most cases are 

caused by a defect in the imprinting or uniparental disomy (UPD) of the Insulin like 

growth factor 2 (IGF2)-H19 locus localized in chromosome 11p15. Significantly higher 

rates of HB among 0-4 years BWS patients have been reported (DeBaun and Tucker, 

1998; Spector and Birch, 2012). 

FAP, an autosomal dominant pre-malignant disease that usually progresses 

to malignancy, is mainly caused by inactivating mutations in the Adenomatous 

polyposis coli (APC) gene, a tumor suppressor gene acting as an antagonist of the 

Wnt signaling pathway. Even though different studies with discordant results have 

been published, Hirschman et al identified APC mutations in 8 out of 93 HB cases 
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(8.6%).  However, no difference in age at diagnosis was found when comparing FAP-

associated vs non-FAP-associated HB, in contrast to what usually happens in 

cancers associated with genetic predisposing mutations (Hirschman, Pollock and 

Tomlinson, 2005; Spector and Birch, 2012). 

Other factors associated to higher risk of HB development are extremely low 

weight at birth (Ikeda, Matsuyama and Tanimura, 1997; Spector, Feusner and Ross, 

2004; McLaughlin et al., 2006), male gender (McLaughlin et al., 2006, maternal 

smoking (McLaughlin et al., 2006; Pu et al., 2009), infertility treatment (McLaughlin et 

al., 2006) and maternal and paternal occupational exposure to metals (Buckley et 

al., 1989). 

 

1.2.1.3 Diagnosis 

 HB  is diagnosed in patients with an abdominal mass, failure to thrive and 

anemia (Emre, Umman and Rodriguez-Davalos, 2012). Typically, patients between 

6 months and 3 years of age, with alpha-fetoprotein (AFP) levels higher than normal 

and hepatic mass are considered as having HB and in many clinical trials the biopsy 

was not even compulsory (von Schweinitz et al., 1997; Brown et al., 2000; Perilongo 

et al., 2004). However, biopsy is required in patients younger than 6 months because 

the wide different hepatic masses they can have as well as the possibility to 

misdiagnose an elevated AFP at this young age. It is also needed in patients older 

than 3 years because the risk of having a pHCC (Perilongo et al., 2004). 

 

1.2.1.4 Prognosis, clinical stratification and treatment 

 Over the last decades, many clinical trials have been run devoted to improve 

chemotherapy treatment and stratification for HB patients (Figure 2). These trials 

have been organized by the main groups working on pediatric tumors worldwide, 

namely, the Societé Internationale d’Oncologie Pédiatrique – Epitelial Liver Tumor 

Study group (SIOPEL), the German Society for Pediatric Oncology and Hematology 

(GPOH), the Japanese Study Group for Pediatric Liver Tumors (JPLT)  and the 
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American Pediatric Oncology Group (COG). A summary of the stratification, 

chemotherapy treatment and survival results can be found in Table 1. 

Figure 2. Summary of the different clinical trials conducted on HB. Different colors correspond 

to the different groups, from lighter to darker: COG, JPLT, GPOH and SIOPEL. 

  

 The American COG conducted their first randomized trial for the treatment 

of HB (INT0098) from 1989 to 1992. A total of 182 patients were included and 

randomized in 2 chemotherapeutic regimens: cisplatin, vincristine, and fluorouracil 

(regimen A, C5V) or cisplatin and continuous infusion doxorubicin (regimen B). 

Patients were stratified according to a surgical criteria after surgical resection or 

biopsy and before the beginning of chemotherapy: stage I, complete gross 

resection; stage II, microscopic residual disease; stage III, gross residual intrahepatic 

disease; stage IV, metastatic disease with either complete or incomplete resection. 

The results showed that the 5-year EFS was 91%, 100%, 64% and 25% in patients with 

stage I, stage II, stage III and stage IV respectively. The authors concluded that the 

outcome was similar for either regimen within disease stages, however, the 

doxorubicin- containing regimen proved more toxic and therefore, regimen A 

(cisplatin, vincristine, and fluorouracil) was recommended for treatment (Ortega et 

al., 2000).  

 After the first trial, in 1999 the COG group started their new trial that was 

opened until 2003, the P9645 study. In this study patients with advanced HB, that is, 

stage III or IV, were randomly treated with standard therapy C5V or with cisplatin 
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combined with carboplatin (CC). In order to test the capacity of amifostine to 

reduce side effects, patients were also randomize to receive it or not. As a results, 

authors observed that the arm with CC had an increased risk of adverse events 

compared to the C5V arm, as the 1-year EFS was of 37% for patients receiving CC 

compared to 57% for C5V receiving patients (p=0.017) (Malogolowkin et al., 2006). 

 The first trial launched by the SIOPEL group, the SIOPEL 1, was open from 1990 

until 1994 and aimed to evaluate the response of HB to chemotherapy as well as 

the prognostic significance of different parameters. Chemotherapy regimen 

consisted on 4 courses of cisplatin 80mg/m2 administered in continuous infusion over 

24h followed by doxorubicin 60mg/m2 in 48h continuous infusion (PLADO). In that 

study, in which 154 children suffering HB were enrolled, the features considered 

were: age, AFP levels, platelet count and histology; as well as radiologic parameters 

such as pretreatment extent of disease (PRETEXT) (Figure 3), lung metastases, 

enlarged hilar lymph nodes, vena cava or extrahepatic vena porta tumor extension 

and tumor focality. Results showed that PRETEXT staging was an independent 

prognostic factor both for event free survival (EFS) and overall survival (OS) whereas 

presence of metastasis was associated only with EFS (Brown et al., 2000).  

 SIOPEL 2 trial was conducted between 1995 and 1998 in which therapy was 

guided according to risk. Thus, 135 HB patients were enrolled and stratified in 

standard risk HB (SR-HB) or high risk HB (HR-HB). SR-HB tumors were the ones involving 

1, 2 or 3 liver sectors (PRETEXT I, II or III) entirely confined to the liver and  without 

metastasis in the lung, whereas HR-HB were defined by involving the 4 hepatic 

sectors (PRETEXT IV) or presenting with extrahepatic disease, either metastasis, 

extrahepatic abdominal mass or portal/hepatic veins involvement. The aim of this 

study was to test the efficacy and toxicity of 2 chemotherapy regimens applied to 

the abovementioned groups. SR-HB patients were treated with 2 courses of cisplatin 

(CDDP), at a dose of 80 mg/m2 every 14 days, delayed surgery and 2 new CDDP 

courses. HR-HB patients were given CDDP alternating every 14 days with carboplatin 

(CARBO), 500 mg/m2, and doxorubicin (DOXO), 60 mg/m2. Two courses of 

CARBO/DOXO and one of CDDP were given postoperatively to HR-HB patients. The 

3-year OS for the SR-HB patients was 91% compared to the 53% of the HR-HB. The 
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results of the study confirmed that the treatment based on CDDP monotherapy 

together with surgery was effective for SR-HB, but there was a need of improving the 

survival for HR-HB patients (Perilongo et al., 2004). 

 

 

Figure 3. PRETEXT system. In the PRETEXT system, the liver according to its surgical anatomy 

was divided into four sections, namely an anterior and a posterior sector on the right and a 

medial and a lateral sector on the left. Thus, based on tumor extension within the liver, four 

groups were identified as follows: PRETEXT I, three adjoining sectors free (tumor only in one 

sector); PRETEXT II, 2 adjoining sectors free (tumor involves 2 sectors); PRETEXT III, one sector 

or two non-adjoining sectors free (tumor involves two or three sectors); and PRETEXT IV, no 

free sector (tumor in all four sectors). Adapted from (Brown et al., 2000). 
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 The SIOPEL 3 trial, based on the SIOPEL 2, run between 1998 and 2004 and 

was focused to the treatment of HR-HB. As for the previous study, HR-HB was defined 

as tumor in all liver sections (e.g. Pretreatment Extension IV [PRETEXT-IV]), or vascular 

invasion (portal vein [P], three hepatic veins [V]), or intra-abdominal extrahepatic 

extension (E), or metastatic disease. Patients with AFP less than 100 ng/mL at 

diagnosis or tumor rupture were also considered as HR-HB. Patients were initially 

treated with alternating cycles of cisplatin and the combination of carboplatin plus 

doxorubicin. After seven cycles, tumor resectability was assessed; if feasible, 

complete resection was performed, followed by the remaining three cycles. If the 

tumor was unresectable, patients were treated with another three cycles followed 

by, if was feasible, complete tumor resection. For patients whose primary tumors 

remained unresectable, total hepatectomy with liver transplantation had to be 

considered at this point. Regardless of the time point of surgery, a maximum of 10 

cycles were given. The results of this study showed that the 3-year EFS was 48%±13% 

and the OS 53%±13%, similar to that obtained in the SIOPEL 2 (3-year OS for HR-

HB=53%). Also, the applied treatment was efficient for patients with metastatic 

disease as in 50% of the children the lung lesions disappeared with chemotherapy 

and in another 20% achieved partial response (Zsíros et al., 2010). 

 Based on the results of the SIOPEL 2 and 3 trials, the researchers proposed a 

new stratification system including the following prognostic parameters: PRETEXT 

stage, age>5years, AFP>106 ng/mL, multifocal tumors, presence of metastasis, 

AFP<100 ng/mL and Small Cell Undifferentiated (SCU) histology (Figure 4). The 

evaluation of the new stratification system showed that the 3-year EFS was 90%, 71% 

and 49% for stratums Good, Intermediate and Poor, respectively. A similar trend was 

observed regarding OS  (Maibach et al., 2012). 

 The SIOPEL 4 trial run from 2005 to 2009. The study was focused in the 

improvement of HR-HB patient’s treatment by chemotherapy intensification based 

on weekly preoperative administration of cisplatin together with monthly 

doxorubicin and radical surgery. A total of 61 evaluable patients where included 

and were classified as high risk according to the above mentioned criteria used in 

the SIOPEL 3. All patients were given preoperative chemotherapy followed by 
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surgical removal of the remaining tumor lesions when possible. Patients whose tumor 

remained unresectable were given additional preoperative treatment before 

surgery. After surgery, patients received postoperative chemotherapy. At the 

completion of the study, the 3-year EFS was 76% and OS was 83%. The results implied 

a significant improvement of patient outcome for HR-HB (SIOPEL3 3-year EFS was 

48% and the OS 53%), but it is even better for metastatic patients, as 95% of the 

patients had a complete remission vs 50% from the previous trial (Zsiros et al., 2013). 

 The JPLT have also conducted clinical trials devoted to the improvement of 

the treatment for HB patients. First, the JPLT-1 was run from 1991 to 1999 and 134 

patients with HB were included. Patients were stratified according to the extent of 

disease, which is slightly different from the PRETEXT system. Thus, patients were 

classified as: stage I, the tumor occupied one segment of the liver; stage II, the tumor 

occupied 2 segments of the liver; stage IIIA, the tumor occupied 3 segments of the 

liver, stage IIIB, the tumor occupied 4 segments of the liver; and stage IV, metastatic 

disease was present. When the liver tumor that occupied 1or 2 segments extended 

to the inferior vena cava or the portal vein, stage was defined as IIIA. Stage I or II 

patients were divided in 2 arms: 91A1, patients received one course of preoperative 

Figure 4. SIOPEL patient clinical stratification 2012. Based on the SIOPEL 2 and 3 results, 

the SIOPEL group stablished a new classification in which Stratum 1 was defined by HB 

completely confined to the liver AND involving at the most 3 hepatic sections (PRETEXT I, 

II and III) AND none of the other risk factors; Stratum 2 included patients with at least one 

of the following features: age above 5 years, PRETEXT IV, AFP higher than 1.2x106 ng/mL 

AND none of the risk factors considered for stratum 3; Stratum 3 patients must present 

one or more of the following  factors: metastases, AFP below 100ng/mL OR small cell 

undifferentiated histology. +, factor must be present; -, factor must be absent; +/-, factor 

may be present or absent. Modified from (Maibach et al., 2012). 
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intraarterial chemotherapy and then postoperative intravenous chemotherapy, 

and in protocol 91A2 patients underwent initial primary surgery, which was followed 

by intravenous chemotherapy. The chemotherapy regimen consisted of repeated 

courses of Cisplatin (CDDP) and tetrahdropyranyl (THP) as well as one shot of 

Adriamycin. Patients with stage IIIA, IIIB or IV were treated with intraarterial or 

intravenous chemotherapy randomly. EFS/OS at 3 years was of: stage I 88.9%/100%, 

stage II 84.2%/100%, stage IIIA 67.5%/76.6%, stage IIIB 25.4%/50.3% and stage IV 

40.6%/64.8%. Overall, the 3-years EFS was of 66% and the OS of 77.8%. Interestingly, 

the authors also observed a trend to better outcome for patients diagnosed under 

1 year of age, although it was not a significant result. 

 In the JPLT-2 study, opened from 1998 to 2008 and including 212 patients, 

patients were stratified according to PRETEXT I, PRETEXT II-IV or metastatic disease. 

PRETEXT I patients were treated with primary resection followed by low doses of 

cisplatin-pirarubicin (CITA) consisting in at least 2 courses of 80mg/m2 cisplatin on 

day 1 followed by 30mg/m2 pirarubicin on days 2 and 3. Otherwise, patients 

received preoperative CITA, followed by surgery and postoperative chemotherapy. 

Ifosfamide, pirarubicin, etoposide, and carboplatin (ITEC) were given as a salvage 

treatment. High-dose chemotherapy with hematopoietic stem cell transplantation 

(SCT) was reserved for patients with metastatic diseases. The OS for the 212 HB cases 

was 82.4% at 3 years, and 80.9% at 5 years. The EFS was 69.9% at 3 years, and 62.4% 

at 5 years. The 5-year OS of non- metastatic PRETEXT I, II, III, and IV cases was 100, 

87.1, 89.7, and 71.2%, respectively, and the 5-year EFS was 78.3, 76.2, 72.2, and 68.3%, 

respectively. The outcome of patients with metastatic diseases was poor, with a 5-

year OS of 43.9% (EFS 20.8%) (Hishiki et al., 2011). 

 The GPOH have conducted 2 clinical trials, HB89 and HB94, mainly devoted 

to improve the chemotherapeutic treatment of pediatric patients with liver tumors. 

The HB89 trial was conducted between 1988 and 1993 and 72 patients with HB were 

enrolled. The staging criteria stratified patients into 4 distinct groups and was based 

on tumor involvement after surgical resection: stage I, tumor was completely 

resected; stage II, there was microscopic residual tumor; stage III, gross residual 

tumor; stage IV, distant metastases.  Response criteria was based on tumor size and 
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AFP levels. Patients with small tumors confined to one liver lobe, were operated 

without previous chemotherapy treatment, larger tumors involving both lobes and 

those with metastases were only biopsied. All patients were treated with 

chemotherapy and thereafter tumors were resected when possible. Also, in the 

same study, the authors introduced a new chemotherapy regimen, combining 

cisplatin, doxorubicin and ifosfamide. At the completion of the study, the authors 

concluded that chemotherapy consistent of ifosfamide, cisplatin and doxorubicin 

was effective and associated with low acute toxicity. Moreover, combined with 

delayed surgery in advanced tumors, they achieved a cure rate of 75% (von 

Schweinitz et al., 1997). 

 After the observation that some HBs were able to develop drug resistance 

after treatment with ifosfamide, cisplatin and doxorubicin, the GPOH group 

launched the HB94 study introducing new treatment modalities. Basically, intensity 

of postoperative chemotherapy was reduced for stage I HB and a new combination 

of etopside and carboplatin was used for advanced or recurrent tumors. The 

authors also studied the implication of different clinical and pathological prognostic 

factors. In these study, 69 children with HB were included. As in the previous protocol, 

patients with tumors confined to one lobe were resected before chemotherapy 

treatment and the same postsurgical staging system was followed (von Schweinitz 

et al., 1997; Fuchs et al., 2002). The results showed that vascular invasion (p=0.0039), 

metastasis (p<0.0001) and AFP serum levels below 100ng/mL (p=0.0005) were 

significantly associated with worse disease free survival. After a median follow-up of 

58 months, 77% of patients were alive (Fuchs et al., 2002). 

 From 1999 to 2004, the GPOH run the HB 99 trial, which included 100 patients 

with HB. Patients were treated according to risk: SR-HB with PLADO and HR-HB 

CDDP/CARBO/DOXO. As a result of this approach, the 3-year survival EFS was of 90% 

and OS of 88% for SR-HB and an EFS of 52% and OS of 55% for HR-HB patients 

(Czauderna et al., 2014). 

 More recently, in 2017, the Children’s Hepatic tumors International 

Collaboration (CHIC) has published the new stratification system based on the 
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analysis of the largest cohort of patients comprising 1605 patients treated in 8 

multicenter HB trials over 25 years. These study have been possible thanks to the 

contribution of the 4 major groups: the SIOPEL, COG, the GPOH, and the JPLT. As a 

result, the new stratification system named Children’s Hepatic tumors International 

Collaboration Hepatoblastoma Stratification (CHIC-HS) consists in 5 clinically 

relevant backbone groups on the basis of established prognostic factors: PRETEXT 

I/II, PRETEXT III, PRETEXT IV, metastatic disease, and AFP levels below 100ng/mL at 

diagnosis. Finally, patients are stratified in very low, low, intermediate or high risk and 

treated according (Figure 5) (Meyers et al., 2017). 
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Figure 5. Risk stratification trees CHIC-Hepatoblastoma Stratification (CHIC-HS) system. 

Individual risk stratification trees are used depending on the PRETEXT stage. *, resectable 

at diagnosis. Abbreviations: M, metastasis; AFP, α-fetoprotein; Interm., intermediate; Yrs, 

years. Modified from (Meyers et al., 2017). 
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Table 1. Summary of the main clinical trials on HB. N, number of patients; SR-HB, standard risk HB; HR-HB, 

high risk HB; Met, metastasis; IPA, Ifosfamide + cisplatine + doxorubicin; PA-CI, cisplatin + doxorubicin; C5V, 

cisplatin + fluorouracil + vincristine; CDDP, cisplatin; DOXO, doxorubicin; CC, carboplatin + cisplatin; PLADO, 

cisplatin + doxorubicin; IFO, ifosfamide;  VP, etopside; CARBO, carboplatin; CITA, cisplatin + pirarubicin; 

ITEC, ifosfamide + pirarubicin + etopside + carboplatin; yrs, years; EFS, event-free survival; OS, overall survival; 

DFS, disease-free survival; PFS, progression-free survival. 

 
Study Stratification N Chemotherapy Surgery Survival results 

HB89 

(GPOH) 

1988-1993 

I, tumor completely resected; 

II, microscopic residual 

tumor;                                                                        

III, gross residual tumor;                                          

IV, distant metastases. 

21               

6               

38               

7 

2-4 courses of IPA ± 2 

courses of PA-CI 

Primary 

surgery for 

small tumors 

confined to 

one lobe                         

After 2 IPA 

courses for 

larger tumors 

or tumors with 

met 

 I, DFS=100%    

II, DFS= 50%                      

III, DFS= 71% 

IV, DFS= 29% 

INT-0098 

(COG) 

1989-1992 

I, tumor completely resected; 

II, microscopic residual 

tumor;                                                                        

III, gross residual tumor;                                          

IV, distant metastases. 

182 C5V or CDDP/DOXO 

 

 I, 5-yr EFS=91%                                         

II, 5-yr EFS=100%                                           

III, 5-yr EFS=64%                                  

IV, 5-yr EFS=25%                   

SIOPEL I 

(SIOPEL) 

1990-1994 

All patients treated equally 154 4-6 courses of PLADO 
After 4-6 

courses 

5-yr OS = 75%                                          

5-yr EFS =66% 

JPLT-1 (JPLT) 

1991-1999 

I, tumor in one segment 

II, tumor in 2 segments 

IIIA, tumor in 3 segments 

IIIB, tumor in 4 segments 

IV, metastatic 

9                 

32               

48               

25             

20 

Stage I/II,  2 courses 

of CDDP + THP-

Adriamicyn                        

Stage IIIA, IIIB, IV, 

CDDP +THP-

Adriamicyn 

Stage I/II, after 

1 course or 

primary 

surgery                                      

Stage IIIA, IIIB, 

IV, after 

CDDP+THP-

Adriamicyn 

 I, EFS/OS=89%/100%                                       

II, EFS/OS=84%/100%                                

IIIA, EFS/OS=68%/77%                                 

IIIB, EFS/OS=25%/50%                                     

IV, EFS/OS=40%/65%     

HB94 

(GPOH) 

1994-1998 

I, tumor completely resected;                                  

II, microscopic residual 

tumor;                                                                        

III, gross residual tumor;                                          

IV, distant metastases.  

27               

3               

25               

14 

Stage I/II, 

IFO/CDDP/DOXO 

Stage II/IV, 

IFO/CDDP/ DOXO+ 

VP/CARBO  

 

I, 4-yr EFS/OS=89%/96%                                      

II, 4-yr 

EFS/OS=100%/100%                             

III, 4-yr EFS/OS=68%/76%                                

IV, 4-yr EFS/OS=21%/36%   

SIOPEL II 

(SIOPEL) 

1995-1998 

SR-HB (PRETEXT I, II, or III) 67 6 courses of CDDP After 4 courses 
 3-yr OS=91%                                            

3-yr PFS= 89% 

HR-HB (PRETEXT IV or 

metastasis or extrahepatic or 

vascular involvement 

58 

6 courses of CARBO + 

DOXO and 4 courses 

of CDDP 

After 4 courses 

CARBO/DOXO 

and 3 CDDP 

 3-yr OS=53%                                            

3-yr PFS= 48% 

SIOPEL III-HR  

(SIOPEL) 

1998-2004 

HR-HB (PRETEXT IV or 

metastasis or extrahepatic or 

vascular involvement or 

AFP<100ng/ml or tumor 

rupture) 

151 
10 courses of CDDP 

and CARBO+DOXO 
After 7 courses 

3-yr OS=53%                                           

3-yr EFS=48% 

JPLT-2 (JPLT) 

1998-2008 

PRETEXT I                                                                                    

PRETEXT II                                                                                          

PRETEXT III                                                                            

PRETEXT IV                                                                                          

16                 

64               

83               

49              

I, CITA                           

   II-IV, CITA + CITA or 

ITEC 

I, primary 

resection                                                                                  

II-IV, after CITA  

I, 5-yr EFS/OS=78%/100 %    

II, 5-yr EFS/OS=76%/87%  

III, 5-yr EFS/OS=72%/90%   

IV, 5-yr EFS/OS=68%/71%  

 Met, 5-yr 

EFS/OS=21%/44% 

HB99 

(GPOH) 

1999-1998 

SR                                                                                                    

HR 

58             

42 

SR,  PLADO                          

  HR, 

CDDP/CARBO/DOXO 

 SR, 3-yr EFS/OS=90%/81%                          

HR, 3-yr EFS/OS=52%/55% 

P9645 

(COG) 

1999-2003 

III, gross residual tumor;                                          

IV, distant metastases.  
192 

4-6 courses of C5V or 

CC ± amifostine 

After II-IV 

courses 

C5V, 3-yr EFS/OS= 

60%/74%                               

CC, 3-yr 

EFS/OS=38%/56% 

SIOPEL 4  

(SIOPEL) 

2005-2009 

HR-HB (PRETEXT IV or 

metastasis or extrahepatic or 

vascular involvement or 

AFP<100ng/ml or tumor 

rupture) 

62 

8 courses CDDP and 

3 DOXO + 2-3 CARBO 

and 2-3 DOXO 

After 8 courses 

CDDP and 3 

DOXO 

Whole goup:                                              

3-yr OS= 83%                                           

3-yr EFS= 76%                                  

Patients with M:                                         

3-yr OS= 79%                                           

3-yr EFS= 77%   
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1.2.1.5 Pathology 

Historically, it has been difficult to define the different patterns found in 

pediatric liver tumors due to their variability and rarity. In 2011, pathologists, 

oncologists and surgeons from the main groups worldwide (COG, SIOPEL, GPOH 

and JPLT) were reunited in an International Pathology Symposium in Los Angeles. 

From these symposium resulted a revision of the histology of pediatric liver 

malignancies which will be used as a guide in the future cooperative trials (López-

Terrada et al., 2013; Tanaka, Inoue and Horie, 2013). 

HB is an embryonal tumor that arises from a hepatocyte precursor and usually 

recapitulates stages of liver development, thus the histopathology of HB reproduces 

different stages of liver development (Zimmermann, 2005). HB is a heterogeneous 

disease and tumors often show mixtures of different histologic compounds such as 

epithelial, mesenchymal, undifferentiated and others. Generally, HB tumors can be 

classified between epithelial or mixed (López-Terrada et al., 2013; Tanaka, Inoue 

and Horie, 2013). The differences and subtypes of each histological pattern are 

explained below and summarized in Figure 6. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Histological patterns of HB (López-Terrada et al., 2013). 
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Epithelial HB 

Well differentiated fetal HB: This cells recapitulate fetal hepatocytes with tumor cells 

smaller than hepatocytes and are characterized by having a central and small 

nucleoli and glycogen or lipids which make their cytoplasm appear clear. These 

tumors usually contain clusters of hematopoietic precursors and mitosis are 

infrequent (Figure 7A) (Haas et al., 1989; López-Terrada et al., 2013; Tanaka, Inoue 

and Horie, 2013).  

Crowded fetal HB: This pattern is also known as mitotically active fetal (defined as 

more than two mitoses per 10 high-power fields, x400 microscopic fields). In 

comparison to the well differentiated cells, these present higher 

nuclear/cytoplasmic ratio and bigger nuclei. It typically presents mixed with the well 

differentiated fetal pattern and embryonal (Figure 7B) (López-Terrada et al., 2013; 

Tanaka, Inoue and Horie, 2013). 

Embryonal: Is the most common pattern, which resembles the liver at weeks 6-8 of 

gestation. Embryonal HB cells are round or angulated, with limited cytoplasm and 

with a nuclear-cytoplasmic ratio to some extent higher than the healthy 

hepatocytes. Mitosis are more frequent than in fetal histotype (Figure 7C) (Haas et 

al., 1989; López-Terrada et al., 2013; Tanaka, Inoue and Horie, 2013).  

Pleomorphic component in epithelial HB: It is an uncommon pattern that typically 

appears in post-chemotherapy specimens and metastases. Its cells are similar to 

fetal or embryonal hepatocytes because their polygonal shape. However, nuclear 

features can differ from the well-differentiated or crowded fetal patterns, presenting 

irregular shape and large nucleoli. This HB type can be confused as an HCC when it 

presents with a macrotrabecular pattern of growth (Figure 7D) (López-Terrada et al., 

2013; Tanaka, Inoue and Horie, 2013). 

Cholangioblastic HB: This pattern results from the neoplastic cells differentiated to 

cholangiocytes and forming small ducts. It expresses cholaniocyte lineage markers 

such as cytokeratins 7 and 19. It can be surrounding the hepatocellular component 

of the tumor. Its cells use to be cuboidal with a round nuclei (Figure 7E) (López-

Terrada et al., 2013; Tanaka, Inoue and Horie, 2013). 
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Macrotrabecular HB: Cells in this pattern can be fetal, embryonal or pleomorphic 

and can be similar to the hepatocellular carcinoma ones. The growth pattern is 

characterized by bigger cells that grow in plates that can be pure or combined with 

other patterns. This pattern is present in less than 5% of patients (Figure 7F) (Haas et 

al., 1989; López-Terrada et al., 2013; Tanaka, Inoue and Horie, 2013). 

Small-cell undifferentiated (SCU) HB: This pattern was first defined as anaplastic 

(Kasai and Watanabe, 1970) and contain small and undifferentiated cells that 

sometimes express cytokeratin and vimentin, which reflects neither epithelial nor 

stromal differentiation. These cells can grow in a diffuse pattern but often form 

clusters with epithelial cell types. In less than 5% of the HBs the whole tumor is 

constituted of this type of cells. It is interesting to note that some SCU HBs may 

present typical features of malignant rhabdoid tumors, as the lack of INI1 nuclear 

expression. The proper identification of these variant it is crucial, as patients could 

benefit from chemotherapy regimens designed for malignant rhabdoid tumors 

instead of HB (Figure 7G) (Haas et al., 1989; López-Terrada et al., 2013; Tanaka, Inoue 

and Horie, 2013). 
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Figure 7. Epithelial HB histology types. Well-differentiated fetal pattern (a); crowded 

(mitotically active) fetal pattern (b); embryonal HB (c); pleomorphic HB (d); 

Cholangioblastic HB (e); macrotrabecular pattern (f); HB with small-cell component. 

Adapted from (López-Terrada et al., 2013).  



Introduction 
  

29 
 

Mixed HB 

Around 20-30% of HB tumors besides the epithelial component, they also have 

stromal components, which can include osteoid, skeletal, muscle and cartilage. 

Additionally, when heterologous components (for example neuroectodermal 

derivatives or melanin-containing cells) are present, tumors are classified as teratoid. 

Tumors showing stromal or teratoid components are both called mixed HB (Figure 8) 

(López-Terrada et al., 2013; Tanaka, Inoue and Horie, 2013).  

It has been matter of discussion in many publications whether the different 

histotypes may be related with the outcome. In their series of 71 patients, von 

Schweinitz et al., found that pure fetal or predominantly fetal compared to tumors 

with predominant embryonal pattern was associated with significant better 

outcome, while no differences were found between mixed and epithelial tumors 

(von Schweinitz et al., 1997). In fact, pure and well differentiated HB is a surgically 

curable tumor, and according to COG protocols, chemotherapy is not necessary 

when it can be completely resected at diagnosis (López-Terrada et al., 2013; 

Tanaka, Inoue and Horie, 2013). Importantly, the SCU pattern of HB often present 

with normal or low levels of serum AFP and have been associated with poor patient 

outcome  and increased risk of death (Ortega et al., 2000; Fuchs et al., 2002; 

Figure 8. Mixed HB histotype. Mixed epithelial and mesenchymal HB without teratoid 

features. Area showing osteoid formation and embryonal epithelial pattern (bottom) 

(Left). Mixed epithelial and mesenchymal HB with teratoid features. Area showing 

accumulation of melanin-containing cells and osteoid (bottom) (Right). Adapted from 

(Tanaka, Inoue and Horie, 2013). 
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Trobaugh-Lotrario et al., 2009; Haas, Feusner and Finegold, 2011). Interestingly, 

different pathway deregulation in the distinct histotypes have been identified. 

Therefore, Wnt activation predominates in embryonal and mixed types while Notch 

activation, which is needed for cholangiocytic differentiation, is highest in pure fetal 

HB (López-Terrada et al., 2009). 

In few tumors histological pattern makes it difficult to reach an agreed 

diagnostic due to a mixture of features typical of both HB and pHCC. These tumors 

were first named transitional liver cell tumors, but this category has been recently 

named as hepatocellular malignant neoplasm (NOS) (Figure 9). Usually, these 

tumors show a mixture of HB-like cells resembling fetal, fetal-pleomorphic and/or 

embryonal cells, HCC-like cells and poorly differentiated cells that grow in highly 

invasive patterns (Figure 9). NOS tumors are a pathological entity but they are not 

considered a different tumor from a clinical point of view. This malignancy was 

described for the first time by Prokurat et al., who reported 7 cases presented in older 

children and adolescents (mean age=10 years, ranging from 5 to 17).  The 

histological pattern presented made it difficult to diagnose an HB or HCC, mostly 

presenting macrotrabecular HB features and patients were treated as HBs obtaining 

poor survival results. (Prokurat et al., 2002).  

 

 

 

 

 

 

 

 

 

Figure 9. NOS histology. 
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1.2.2 Pediatric Hepatocellular Carcinoma (pHCC) 

1.2.2.1 Incidence 

pHCC is the second most common liver tumor in children being most of the 

cases diagnosed after 10 years of age and it is the main hepatic tumor in 

adolescents (Czauderna et al., 2002). pHCC is even more rare than HB during 

childhood with an incidence of 0.5-1 cases per million children (Litten and Tomlinson, 

2008) and represents 20% of all the malignant childhood liver tumors (Weinberg and 

Finegold, 1983). In areas where hepatitis B is endemic, such as sub-Saharan Africa 

and some areas in Asia, the incidence of HCC in pediatric population is 4 times 

higher than in Western countries. As happens with HB, boys are more affected than 

girls, with a male/female ratio 2:1 (Emre, Umman and Rodriguez-Davalos, 2012). 

 

1.2.2.2 Etiology and risk factors 

In contrast to adult HCC, most of pHCC patients are not associated with 

cirrhosis or other chronic liver disease caused by inborn metabolic errors such as 

glycogen storage disease type III, tyrosinemia type I, Wilson disease, or biliary atresia 

(Czauderna et al., 2002; Schmid and Schweinitz, 2017). However, the high incidence 

of the hepatitis infection in many Asiatic countries leads to higher incidence of 

pHCC, although the introduction of the hepatitis B vaccine in Southeast Asia has 

reduced the incidence of liver tumors (Chen et al., 1998; Litten and Tomlinson, 2008).  

The work published by Czauderna et al. in 2002 was the first large series of 

pHCC treated in a uniform way, following the SIOPEL 1 protocol. In this study, 39 

patients from 30 different countries were enrolled and 38% of them had underlying 

liver disease. Etiologies vary from hepatitis B and hepatic cirrhosis in 13 patients, 

tyrosinemia in one patient and biliary cirrhosis in one patient. These results revealed 

that in contrast to what occurs in adult HCC, most cases (62%) in children are de 

novo, not related to liver damage (Czauderna et al., 2002). In contrast to the findings 

published by Czauderna et al., in a study conducted in Taiwan, HBV infection was 

found in 100% of the 56 pHCC studied (Chen et al., 2005). Showing that the etiology 

of these tumors can vary depending on the area.  
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1.2.2.3 Diagnosis 

 Patients with pHCC are usually older than HB patients, being mostly 

diagnosed after 3 years of age and rarely below 6. Patients suffering pHCC 

commonly present with hepatomegaly, sometimes associated with abdominal pain 

or other nonspecific symptoms such as epigastralgia, nausea, fatigue or anorexia. 

As it has been said before, it often develops in the presence of underlying liver 

disease. The fact that this tumor do not become a limitation to children’s daily life, 

makes it difficult to diagnose at early stages, and around 80% of patients are 

diagnosed with advanced or metastatic disease (Chen et al., 1998; Czauderna et 

al., 2002; Perilongo et al., 2004). 

 

1.2.2.4 Prognosis, clinical stratification and treatment 

 Given the low incidence of pHCC it is really difficult to conduct clinical trials. 

In contrast to adult HCC, about 50% of pHCC patients respond to chemotherapy as 

shown by decrease of AFP levels and/or tumor shrinkage. So, main treatment 

options are focused on the use of systemic drugs and tumor resection. However, 

pHCC remains a dismal disease in a huge proportion of patients, mainly the ones 

with unresectable disease, in which the 3-year survival is less than 20%. (Schmid and 

Schweinitz, 2017). 

 In a retrospective study, Chen et al., studied 55 patients with HCC treated 

between 1979 and 1996 in Taiwan. Patients were divided into 3 groups as follows; 

resectable, chemotherapeutic and untreated. Despite these patients were treated 

with many different chemotherapeutic regimens including different drugs such as 

mitomycin, doxorubicin, 5-fluorouracil, vincristine, cyclophosphamide, cisplatin and 

carboplatin in various combinations, the authors reported a failure in most of the 

patients with poor results at survival. Thus, the median survival was of 23, 3 and 2 

months for the resectable, chemotherapeutic and untreated groups respectively 

(Chen et al., 1998). Another paper of Chen et al. studied a cohort of 73 patients with 

pHCC treated between 1979 and 1997. Primary resection was achieved in 16.4% of 

the patients, but tumor recurrence occurred in more than 50% of them. The overall 
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survival at 5-years was of 30% for stage I patients (completely resected at initial 

surgery) and 0-5% for stage III (unresectable, tumor spillage or resection with gross 

residual disease but not metastatic) and IV (metastatic disease, regardless of the 

status of primary tumor) (Chen et al., 2005). 

 During the INT-0098 trial (1989-1992) promoted by the American COG, 

patients suffering pHCC were also enrolled. Forty-six patients with pHCC were 

randomly assigned to chemotherapy regimen with cisplatin + vincristine + 

fluorouracil or cisplatin + continuous infusion doxorubicin. Patients were stratified 

according to postsurgical criteria, and the results of the analysis showed that the 5-

year EFS/OS was of 88%/88%, 8%/23% and 0%/10% for stage I, III and IV respectively 

(no patients with stage II were enrolled). Thus, the global 5-year EFS for pHCC 

patients was of 19%. Moreover, no significant differences were found between 

patients receiving both chemotherapy regimens regarding EFS and OS (Katzenstein 

et al., 2002).   

 From 1990 to 1994, taking advantage of the SIOPEL 1 trial, the SIOPEL group 

also include patients suffering pHCC. Thirty-nine children with pHCC were included 

and treated with preoperative chemotherapy consisting on 4-6 courses of PLADO 

(cisplatin + doxorubicin). If after 4 courses of PLADO the tumor was resectable, 

partial hepatectomy was performed and after surgery, 2 additional courses of 

PLADO were given. For PRETEXT I patients, primary surgery was allowed. The OS at 5 

years was of 28% and the EFS was of 17%. Unfortunately, chemotherapy only showed 

partial responses in 50% of the cases, even though some cases with partial response 

remained unresectable. Thus, response to chemotherapy and presence of 

metastasis are adverse prognostic factors for pHCC, and complete resection of the 

tumor is the only chance of cure for these patients (Czauderna et al., 2002). 

 Later on, in the SIOPEL 2 and 3 trials (1994-2006), patients with pHCC were also 

included and treated with superPLADO regimen (carboplatin + cisplatin + 

doxorubicin). When possible, primary resection was performed. The aim of these 

trials was to evaluate if an intensive preoperative chemotherapy was able to 

improve response rate and resection rate for pHCC patients. Eighty-five patients 
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with pHCC were included in the trials and 40% of them responded to chemotherapy. 

Unfortunately, as in the previous report, the 5-year OS was of 22%, showing again 

that a complete resection is needed for long-term outcome  (Murawski et al., 2016). 

Altogether, these results point out that pHCC cannot be treated following the same 

standards than HB, which responds to chemotherapy, and that the unique chance 

of cure for these patients is a complete resection at early stages. 

 

1.2.2.5 Pathology 

pHCC includes a biologically diverse group of neoplasms sometimes 

associated with underlying liver disease. However, pHCC developing in a healthy 

liver can be similar to HB and sometimes immunohistochemical stains together with 

histopathology are not enough to distinguish between them (López-Terrada et al., 

2013; Tanaka, Inoue and Horie, 2013). A part from the classic pHCC, the fibrolamellar 

(FL-HCC) histologic variant is also frequent, especially in young adolescents. 

HCC in adults usually develops in a background of liver fibrosis and cirrhosis 

through a multistep process of malignant transformation of cirrhotic nodules and 

premalignant lesions. These pre-malignant nodules can be classified in low grade or 

high grade depending on their similarity with healthy tissue. HCC is usually a 

hypervascularized tumor that depending on the similarity to non-tumor 

hepatocytes, can be pathologically classified in three different degrees of 

differentiation: well, moderate or poorly differentiated. It can also present diverse 

histological patterns such as trabecular, acinar or solid pattern (Paradis, 2013). 

Despite the etiology of pHCC depends on the area, most of the patients in contrast 

to adult HCC, pHCC are not associated to liver damage (see 1.2.2.2 Etiology and 

risk factors for further details). pHCC is histologically similar to the adult form and it 

differs from HB by the presence of tumor cells larger than normal hepatocytes in 

surrounding liver, broad cellular trabeculae, nuclear pleomorphosim, nucleolar 

prominence and frequently tumor giant cells (Craig et al., 1980). The 

macrotrabecular pattern of HCC presented in non-cirrhotic liver is very easily 

confused with HB (López-Terrada et al., 2013) (Figure 10). 
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Fibrolamellar pHCC (FL-pHCC) is a different histological variant that account 

for around 30% of all pHCC diagnosed in patients under 20 years of age, commonly 

without cirrhosis or underlying liver disease. FL-pHCC is characterized by well-

differentiated neoplastic hepatocytes and large and eosinophilic hepatocytes with 

prominent nucleoli within lamellar fibrotic tissue. Interestingly, tumor cells express 

biliary markers including CK7 and CK19, hepatocytic and hepatic progenitor 

markers, don’t produce AFP and have fewer genomic alterations than classic pHCC 

(Tanaka, Inoue and Horie, 2013; Zen et al., 2014). Although FL-HCC is not clinically 

different from classic HCC, when resectable, patients have better survival, perhaps 

because the fact that it mostly develops in a healthy liver, however in patients with 

advanced disease FL-HCC do not have favorable prognosis (Katzenstein et al., 

2003; Weeda et al., 2013). 

Figure 10. pHCC histology types. Well-differentiated pHCC in a Hepatitis B virus infected 

patient (A); Macrotrabecular pattern pHCC (B); Fibrolamellar variant of pHCC (C). Pictures 

from (López-Terrada et al., 2013). 
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1.3 Biology of pediatric liver tumors 

The development of a tumor is a combined and multistep process that results 

in a clonal expansion of cells that have accumulated the most advantageous set 

of genetic and epigenetic aberrations. Genetic aberrations includes point 

mutations, chromosomal rearrangements, chromosomal imbalances, alteration of 

microsatellite sequences and epigenetic changes such as methylation and histone 

acetylation among others (Pinkel and Albertson, 2005).  However, in order for the 

normal cells to become tumorigenic, they have to acquire specific abilities, also 

known as hallmarks, such as resisting cell death, sustaining proliferative signaling, 

and evading growth suppressors, inducing angiogenesis, enabling replicative 

immortality, activating invasion and metastasis, deregulating cellular energetics 

and avoiding immune destruction. Even though these capabilities are key for 

cancer development, cancer cells need two important enabling characteristics: 

genome instability and mutations as well as tumor-promoting inflammation.  

(Hanahan and Weinberg, 2000, 2011). 

Childhood solid tumors (CST) are believed to develop from progenitor cells in 

developing tissues or organs, allowing these cells to develop with fewer defects in 

key regulatory processes as compared to adult cancers. Also, in contrast to what 

happens in mature tissues, the progeny of cells in developing tissues are more 

dividing cells, often with high migratory capabilities and resistant to apoptosis. These 

differences can explain why, in general, CSTs are more susceptible to 

chemotherapy treatments. Some CSTs, such as HB, are known as embryonal tumors 

because they arise from immature tissues and the microscopic appearance 

resembles tissues in the developing embryo and fetus (Scotting, Walker and 

Perilongo, 2005; Zimmermann, 2005). A part of the morphologic similarities between 

cancer cells and their homologues in the developing embryo, in some cases the 

CSTs can mimic their functions. It is the case of HB, that usually secrete high levels of 

AFP, which is a serum protein normally produced by the healthy fetal liver cells 

during development (Scotting, Walker and Perilongo, 2005; Vogelstein et al., 2013). 
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1.3.1 Gene mutations 

Point mutations in certain genes can have key roles in the tumorigenesis, 

especially the ones activating oncogenes or inactivating tumor suppressor genes. 

Interestingly, constitutive activation of key signaling pathways are caused by 

somatic mutations in many tumors, such as constitutive activation of the Raf-MAPK 

pathway in 40% of melanomas (Hanahan and Weinberg, 2011). Interestingly, not all 

the mutations present in a tumor are drivers, thus, we can distinguish between trunk 

mutations, which appear at the onset of the disease and are transforming drivers; 

branch mutations, that appear during the natural history of the tumors possibly due 

to the pressure of the therapies; and passenger mutations, which are the most 

abundant and less relevant in tumorigenesis (Greenman et al., 2007; Llovet et al., 

2016). 

Several studies have been published aiming to describe the mutational 

profile of HB, mainly based in whole-exome sequencing (WES). As a results, it has 

been described that each HB tumor contain 4.5 mutations (range from 0 to 24) 

(Eichenmüller et al., 2014; Jia et al., 2014; Sumazin et al., 2017) and 30% of the 

mutated genes in HB are related to transcription, 20% to chromatin organization and 

20% to chromosome organization (Eichenmüller et al., 2014). 

The main hallmark of HB is the high rate of the β-catenin (CTNNB1) gene 

mutations and deletions. The most common aberrations of the CTNNB1 gene 

includes in frame deletions of the exon 3 as well as punctual mutations (Koch et al., 

1999; Jeng et al., 2000; Wei et al., 2000; Taniguchi et al., 2002; Cairo et al., 2008; 

Eichenmüller et al., 2014; Jia et al., 2014). All these alterations lead to modifications 

of the degradation domain of the protein, which makes it insensitive to targeting for 

proteasomal degradation causing an accumulation in the nucleus and stimulation 

of target genes transcription. The Wnt/β-catenin pathway is a regulator of cell 

proliferation and differentiation during the early development and later during the 

growth and maintenance of several tissues. Over activation of this pathway have 

already been described as the main molecular driver in HB tumors. Interestingly, the 

APC gene, whose mutations cause the FAP syndrome, codifies for a protein that is 

part of a complex that regulates cytoplasmic level of β-catenin. Even though, 
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several components of the Wnt/β-catenin pathway have been reported to be 

mutated in many cancers as well as in HB (Figure 11), CTNNB1 gene (which codifies 

for β-catenin protein) is reported to be mutated in 19-89% of cases, being the main 

causal of the pathway deregulation.  Interestingly, HB cells show an aberrant IHC 

staining of CTNNB1, which is accumulated into the nucleus and the cytoplasm of 

tumor cells, as compared to the normal hepatocyte staining, which is mainly into 

the cell membrane. However, this altered expression of CTNNB1 is shown more 

frequent than CTNNB1 mutations (Miao et al., 2003), suggesting that other 

components of the pathway are altered in HB that contributes to the CTNNB1 

accumulation and pathway over-activation. Thus, mutations affecting other genes 

than CTNNB1 from the Wnt/β-catenin pathway have been described in AXIN 1(2-

10%) and 2 gens (3%) (Taniguchi et al., 2002; Miao et al., 2003; Koch et al., 2004; 

Cairo et al., 2008) as well as in APC gene (8-61%) (Kurahashi et al., 1995; Oda et al., 

1996). Despite the higher incidence of HB cases in FAP patients, germline mutations 

of the APC gene in sporadic HB are very low (Harvey et al., 2008). 

In spite of the fact that CTNNB1 mutations are key molecular drivers of HB and 

that in some cases are the unique mutational event in this tumor type, in vivo 

experiments demonstrated that mutations of CTNNB1 alone are not enough to foster 

the development of liver tumors (Harada et al., 2002). Different results are obtained 

when β-catenin is stabilized in an early fetal progenitor population of cells, in which 

Wnt pathway activation is enough to drive carcinogenesis and to develop both 

HCC and HB in this mice model (Mokkapati et al., 2014). 

NFE2L2 mutations have been found in 9-10% of HB tumors (Eichenmüller et al., 

2014; Sumazin et al., 2017) and it has been postulated that alterations of this 

activation could be the complementary event leading to liver tumorigenesis. Thus, 

the described mutations stabilize the protein by preventing its KEAP1-mediated 

degradation and lead to a constitutive activation of the pathway. However, 

pathway activation is found more frequently than NFE2L2 mutations, suggesting that 

other mechanisms could exist. Interestingly, overexpression of the NFE2L2 target 

gene NQO1 is frequently found in HB samples and is associated with metastasis, 
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vascular invasion and C2 phenotype, suggesting that NFE2L2 activation could be a 

prognostic factor for HB (Eichenmüller et al., 2014).  

 

 

In the study published by Eichenmüller et al., in which whole-exome 

sequencing (WES) was performed in 3 NOS tumors, 27.3 (range: 11-48) mutations per 

tumor genome were identified, thus the mutation rate is much higher than in HB. 

Interestingly the authors found no correlation between number of mutations and 

patient age, suggesting than other factors than longer exposure time to genotoxic 

agents contributed to the more complexity of the NOS tumors.  NOS tumors also 

Figure 11. Wnt/β-catenin pathway. In the absence of Wnt, Axin, APC and GSK3 forms a 

multiprotein complex in the cytoplasm which binds and phosphorylates β-catenin 

targeting it for proteasomal degradation. In the nucleus (dotted circle), T cell factor (TCF) 

is in inactive state bound to the repressor Groucho (left). When Wnt binds to its receptor 

induces the association of Axin with the phosphorylated lipoprotein receptor-related 

protein (LRP). It causes the separation of the destruction complex and β-catenin is 

stabilized and translocated to the nucleus, where it bunds to TCF and induces target 

genes transcription, including cyclin D1 and c-myc (right). Components of the pathway 

mutated in HB are highlighted in blue and the reported frequency of mutations is 

indicated. Modified from (Nusse and Lim, 1997) 
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presented main mutations in transcription regulators. In the same study, the authors 

found mutations in the promoter of telomerase reverse transcriptase  (TERT), 

previously described as the earliest genetic event in adult HCC tumors (Nault et al., 

2013; Schulze et al., 2015), as mutated in 2/3 NOS patients but it was not present in 

any of the HB studied (Eichenmüller et al., 2014). These promoter mutations are 

related with an increased TERT transcription leading to TERT reactivation (Nault et 

al., 2013). 

Pediatric cancers normally contain less mutations than adult tumors 

(Vogelstein et al., 2013), thus is not surprising that in contrast to what happens in HB, 

adult HCC is a much more unstable tumor harboring 64 non-silent mutations per 

tumor (Schulze et al., 2015). Main mutated genes in HCC described so far are TERT 

(54-60%), TP53 (12-48%), CTNNB1 (11-37%), ARID2 (3-18%), AXIN1 (5-15%), and 

CDKN2A (2-12%) (Guichard et al., 2012; Schulze et al., 2015; Llovet et al., 2016). 

However, no reports on mutational profile of pHCC have been published. A 

comparison of the main gene mutations frequencies in HB, NOS and HCC is shown 

in Table 2. 

Table 2. Top mutated genes in HB, NOS and HCC. 

Gene HB (%) NOS (%) HCC (%) References 

CTNNB1 19-89 100 11-37 

(Koch et al., 1999; Jeng et al., 2000; 

Wei et al., 2000; Taniguchi et al., 2002; 

Cairo et al., 2008; Curia et al., 2008; 

Eichenmüller et al., 2014; Jia et al., 

2014; Llovet et al., 2016; Sumazin et 

al., 2017) 

NFE2L2 9-10 66 3-6 
(Eichenmüller et al., 2014; Llovet et al., 

2016; Sumazin et al., 2017) 

APC 8-61 - 1-2 

(Kurahashi et al., 1995; Oda et al., 

1996; Koch et al., 1999; Jeng et al., 

2000; Wei et al., 2000; Cairo et al., 

2008; Llovet et al., 2016) 

AXIN1 2-10 - 5-15 (Taniguchi et al., 2002; Miao et al., 

2003; Eichenmüller et al., 2014; Llovet 

et al., 2016) AXIN2 3-5 - - 

P53 24 - 12-48 (Curia et al., 2008; Llovet et al., 2016) 

TERT* 0 66 54-66 
(Eichenmüller et al., 2014; Llovet et al., 

2016) 

*promoter mutation 
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1.3.2 Gene fusions 

Gene fusions result from chromosomal rearrangements namely inversions, 

insertions, translocations or deletions that lead to a juxtaposition of two genes that 

were previously further. These genes could be located in the same or in two different 

chromosomes and the effect of the fusion transcript can vary depending on the 

coding or regulatory sequences affected, modifying the function of one or both 

genes. Thus, gene fusions can have an important role in tumor development and 

progression when they involve and activate oncogenes or inactivate tumor 

suppressor genes. Importantly, recurrent gene fusions, such as the BCR-ABL in 

leukemia, are key events in pediatric tumors (Dupain et al., 2017). However, no fusion 

events have been described so far for HB or classic pHCC. Contrarily, FL-HCC is 

characterized by the presence of the DNAJB1-PRKACA chimeric transcript, which is 

a key molecular driver present in 79-100% patients (Honeyman et al., 2014; Cornella 

et al., 2015; Darcy et al., 2015). This fusion results from a deletion of ~400kb on 

chromosome 19 and contains the first exon of DNAJB1 and exons 2-10 of PRKACA. 

The resulting chimera is a product of an in-frame fusion between the amino-terminal 

domain of the chaperone DNAJB1 and the catalytic domain of the protein kinase 

A. It has been proved that this fusion retains the kinase activity of the PRKACA protein 

(Honeyman et al., 2014). Interestingly, this fusion protein is exclusively identified in FL-

HCC but not in  HCC,  cholangiocarcinoma, hepatic adenomas or HB (Graham et 

al., 2015). 

 

1.3.3 Copy Number Variations (CNV)  

The copy number variations (CNV) profile of tumors can be important for 

diagnosis and also can provide prognostic information as have been described for 

many tumor types such as prostate cancer, breast cancer, gastric cancer and 

lymphoma (Pinkel and Albertson, 2005).  

Traditionally, karyotyping was used to study the chromosomal imbalances 

pattern since its development in the 1970s. Later on, the cytogenetic analysis of 

banding patterns was replaced by the fluorescence in situ hybridization (FISH) 
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technique, which is based in the use of fluorescently-labeled probes to locate the 

positions of specific DNA sequences or chromosomes and requires the use of cells 

undergoing division as well as pre-designed specific probes of the region to 

interrogate. To overcome these limitations, the comparative genomic hybridization 

(CGH) technique was developed to provide a genome-wide screening of CNVs 

using 2 genomes, test and reference, that are differently labeled and competitively 

hybridized to metaphase chromosomes. Afterward, a new method combining array 

technology and CGH was developed called array comparative genomic 

hybridization (aCGH) (Lucito et al., 2003). aCGH is based on the comparative 

hybridization of 2 labelled samples, test and reference, to a set of hybridization 

probes. The size of the probes used determines de resolution of the technique. 

Finally, single nucleotide polymorphisms (SNP) arrays provide a high-resolution tool 

to identify CNVs. SNP platforms use probes specific to single-nucleotides that 

distinguish alleles and allow the identification of regions with loss of heterozygosity 

(LOH) (Alkan, Coe and Eichler, 2011). 

Although HB is a rare tumor, several works have been published aiming to 

identify recurrent CNVs. In a retrospective study of 111 HB tumor karyotypes was 

reported that 50% of specimens had numerical aberrations and the main 

abnormalities identified were trisomies of chromosomes 2 (23%), 20 (22%) and 8 

(19%) (Tomlinson et al., 2005).  Moreover, the CNV profile of 319 patients have been 

reported in 16 studies have been published and are reviewed in Table 3. The 

techniques used in these reports vary from FISH, CGH, aCGH or, more recently, SNP 

arrays. It has been shown that HB cells are often diploid (fetal type) or hyperdiploid 

(Buendia, 2002). In the different works, the number of patients with aberrations was 

variable, however, 63-100% of the reported cases showed CNVs, meaning that in 

around 15% of HBs do not harbor significant chromosomal aberrations. It is important 

to note that given to the different techniques used and their different resolution, the 

results could vary from a report to another. HB tumors are characterized by 

presenting more gains than losses and usually CNVs involve whole chromosomes or 

chromosomal arms. The most frequent reported CNVs are gains of chromosome 1q 

(125/319, 39%), 2q (120/319, 38%), 2p (74/319, 23%), 20q (74/319, 23%), 20p (68/319, 



Introduction 
  

43 
 

21%), 8q (61/319, 19%), 8p (55/319, 17%), 17 (31/319,10%) as well as losses of 

chromosomes 4q (34/319, 11%) and 1p (27/319, 8%) (Figure 12). Interestingly, there is 

evidence suggesting that gains of chromosome 8q and 20 are predictors of poor 

outcome in HB (Weber et al., 2000; Sainati et al., 2002). 

 

 

 

 

 

 

 

 

 

 

Figure 12. CNVs in HB reported in the literature. The CNV profile of 319 HB patients 

published in 16 studies. The percentage of described patients with chromosomal gains 

(blue) or losses (red) is represented in the graph. Each bar represents a chromosomal arm 

(p and q), except for acrocentric chromosomes (chromosomes 13, 14, 15, 21, 22 and Y). 
(Steenman et al., 1999; Weber et al., 2000; Gray, Kytölä, et al., 2000; Hu et al., 2000; Parada et al., 

2000; Kumon et al., 2001; Mullarkey et al., 2001; Surace et al., 2002; Sainati et al., 2002; Terracciano 

et al., 2003; Adesina et al., 2007; Suzuki et al., 2008; Stejskalová et al., 2009; T. T.-L. Chen et al., 2009; 

Arai et al., 2010; Eichenmüller et al., 2014; Sumazin et al., 2017). 
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Table 3. Frequent chromosomal imbalances identified in HB. 

Abbreviations: N, number of patients included in each study; CNV, Copy number variation; 

CGH, comparative genomic hybridization; aCGH, array comparative genomic 

hybridization; FISH, Fluorescence in situ hybridization; SNP, single nucleotide polymorphism; 

WES, Whole exome sequencing. 

 

Study N % CNV Techniques Frequent CNVs (>20%) 

(Steenman et al., 

1999) 
16 94 CGH 

+2q (75%), +1q (63%), +1p (56%), 

+7q (38%), +8q (31%), +17q 

(31%), +3 (25%), +5q (2%), +20 

(25%) 

(Gray, Kytölä, et 

al., 2000) 
18 78 CGH 

-1p (44%), +1q (28%), -13 (28%), 

+2q (22%), -16p (22%) 

(Hu et al., 2000) 10 90 CGH 

-9 (100%), +12q (100%9, +8p 

(100%), +1q (60%), +2q (30%), +20 

(30%), -11 (20%), -4 (20%) 

(Weber et al., 

2000) 
34 71 CGH 

+2q (44%), +1q (41%), +2p (29%), 

+20 (24%) 

(Parada et al., 

2000) 
7 86 

G-banding & 

FISH 
+1q (43%), +8 (43%), +2 (29%) 

(Kumon et al., 

2001) 
38 71 CGH & FISH 

+1q (45%), +2 (37%), +20 (24%), 

+8 (21%) 

(Mullarkey et al., 

2001) 
1  CGH 

+1q, +2q, +20, +8q, +12q, +17q, 

+7, -17p 

(Sainati et al., 

2002; Surace et al., 

2002) 

10 70 
FISH & 

cytogenetics 

+1q (50%), +20(50%), +8(40%), +2 

(30%) 

(Terracciano et al., 

2003) 
31 97 CGH 

+4q (32%), +2q (23%), -4q (23%), -

1p (23%) 

(Adesina et al., 

2007) 
16 100 aCGH 

+5p (44%), +2 (38%), +8 (38%), 

+1q (31%), +20 (25%) 

(Suzuki et al., 2008) 17 88 SNP array 

+14 (53%), +2 (47%), +1q (47%), 

+8 (29%), +7q (29%), +20 (24%), 

+17q (24%), -11p (24%) 

(Stejskalová et al., 

2009) 
9 100 

aCGH & 

cytogenetics 

& FISH 

+2 (56%), +20 (56%), +8 (44%), 

+1q (33%), +5 (22%) 

(T. T.-L. Chen et al., 

2009) 
1  

aCGH & 

cytogenetics 

+1, +3, +5, +7, +12, +16q, +17, 

+19q, +20, +21, -11q 

(Arai et al., 2010) 56 66 SNP array +1q (50%), +2q (43%), +20q (20%) 

(Eichenmüller et 

al., 2014) 
12 67 WES 

+2q (67%), +1q (50%), +20 (42%), 

+17 (25%), +12 (25%), -4q (25%) 

(Sumazin et al., 

2017) 
43 63 SNP array 

+1q (30%), -19p (30%), -19q 

(28%), +2p (23%), +20q (21%) 
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Until now, few reports regarding the CNV profile of pHCC are available, 

however several reports on adult HCC indicated that these tumors had multiple 

chromosomal aberrations, being the most frequent gains of chromosomes 1q, 8q, 

17q and 20 and losses of 1p, 4q,  8p, 13q, 16q and 17p and only 6-10% of tumors 

show no CNVs (Buendia, 2002; Patil et al., 2005; Kim et al., 2008). Interestingly, 

recurrent gain in 8q have been associated with microvascular invasion (Kim et al., 

2008) and gain of 17q with poor outcome (Zhang et al., 2015). 

Thus, chromosomal profiles of HB and HCC display notable differences in the 

type and number of CNVs. A comparison between HB and HCC chromosomal 

alterations is summarized in Table 4. 

Table 4. Chromosomal imbalances found in HB and HCC. HB data is a compilation of 16 

already published studies. pHCC data is from a single report (Tan et al., 2016). HCC data was 

obtained from (Patil et al., 2005; Kim et al., 2008). 

 

CNV HB (%) pHCC (%) HCC (%) 

N 319 17 125 

None 0-37 - 6-10 

-1p 3-44 29-35 10-32 

+1q 28-63 65-76 59-65 

+2q 19-75 29-47 - 

-4q 2-25 29-59 43-45 

-8p - 35-53 41-48 

+8q 6-44 41 39-49 

-13q - 29-35 25-37 

-16q - 29-41 37-43 

-17p - 29-41 40-51 

+17/17q - 41-59 21-22 

+20 10-56 35-59 31-34 
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1.3.4 Allelic imbalances 

Allelic imbalances are copy-neutral alterations in which two copies of a 

chromosome or a part of it are from the same origin, which leads to a loss of 

heterozygosity (LOH). LOH can originate through homologous recombination event 

or because the retained chromosome was duplicated after a loss. This imbalances 

can trigger the development of a tumor if the LOH implies a loss of the wild-type 

allele in individuals with a germline mutation in a tumor suppressor gene such as RB1 

in retinoblastoma or BRCA1 in breast and ovarian cancer (Cavenee et al., 1983; 

Merajver et al., 1995; Ryland et al., 2015). This  “second hit” hypothesis was first 

proposed by Knudson based on his studies in retinoblastoma (Knudson, 1971). 

LOH of the 11p15 locus harboring IGF2 and H19 genes is commonly found in 

sporadic HB cases (Hartmann et al., 2000). IGF2, an essential fetal growth factor with 

proliferative and antiapoptotic effects, is commonly overexpressed in HB at mRNA 

level and, of the 4 different possible promoters, is mainly produced of P3 (Gray, 

Eriksson, et al., 2000; Hartmann et al., 2000) in contrast to the adult liver, in which P1 

is dominant. It is thought that the mechanism leading to this alterations could be a 

defect on the imprinting (Magrelli et al., 2009). It has been described that other 

genes of the IGF-axis are altered, for example H19, previously described as a tumor 

suppressor gene, is decreased in HB as well as IGFIIR, a receptor which binds IGFII 

and mediates its degradation, found mainly downregulated or expressed at similar 

levels to non-tumor tissue (Gray, Eriksson, et al., 2000). Interestingly, overexpression 

of IGF2 have also been reported in adult HCC which seems to be due to 

demethylation of the fetal promoter. Moreover, high levels of IGF2 accelerates liver 

tumor development in mice and treatment with and antibody anti IGF1 and IGF2 

increases survival of these mice (Martinez-Quetglas et al., 2016). Defects of 

imprinting of 11p15 locus are one of the main causes of the Beckwith-Wiedemann 

Syndrome, which is highly associated with the risk of tumor development, including 

HB (DeBaun and Tucker, 1998).  
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1.3.5 Gene expression profiles 

 During the last decades, gene expression profiling has been very used and 

has contributed to the discovery of molecular biomarkers and therapeutic targets 

as well as specific signatures for several tumors (Casamassimi et al., 2017).  

HB shows a general overexpression of many developmental genes, including 

imprinted genes such as  IGF2, PEG3, PEG10, BEX1, MEG3, and NDN, which are 

abundantly expressed in fetal liver (Cairo et al., 2008)  as well as the oncogene 

PLAG1 (Zatkova et al., 2004). Other studies have identified genes involved in many 

signaling pathways such as NFE2L2 targets (Eichenmüller et al., 2014); up-regulation 

of target genes of the hedgehog pathway which is implicated in embryonic 

development of the liver and also its regeneration in the adult. Moreover, inhibition 

of this pathway in vitro leads to decreased cell viability of HB cell lines (Eichenmüller 

et al., 2009); Yes-associated protein (YAP) target genes, survivin, CTGF and Cyclin 

D1, involved in cell proliferation,  are overexpressed in poor prognosis HB (Sumazin 

et al., 2017). YAP is the main effector of the Hippo pathway and is inversely 

correlated with pathway activation. The Hippo signaling pathway is an important 

regulator of cell proliferation and organ size. Hippo pathway activation leads to 

phosphorylation of YAP and its localization into the cytoplasm, where it remains 

inactive. Conversely, pathway inactivation leads to YAP accumulation into the 

nucleus and target gene transcription by TEAD transcription factor. Low levels of YAP 

phosphorylation suggesting pathway activation as well as target genes 

overexpression have been shown in HCC and HB (H. Li et al., 2012). Interestingly, 

colocalization in the nucleus of YAP and β-catenin have been found in HB but not 

in HCC (Tao et al., 2015). It has been proved that inactivation of Hippo pathway in 

vivo is enough to dedifferentiate adult hepatocytes into progenitor-like cells 

(Yimlamai et al., 2014). 

Interestingly, studies based on gene expression arrays have been useful to 

establish HB classifications and to define gene expression signatures correlated to 

patient outcome. The first classification, identified by unsupervised analysis of 

transcriptomic data, was published by Cairo et al. and is based in a 16-gene 

signature which distinguish between 2 groups of tumors called C1 and C2. While the 
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C1 subclass resembles liver features at late stages of intrauterine liver, and is 

characterized by presenting mostly fetal histotype, lower chromosomal instability 

and lower proliferation rate, the C2 recapitulates earliest stages of liver 

development with a predominantly embryonal histotype associated with an 

enrichment in hepatic progenitor markers such as cytokeratin 19 and EpCAM, high 

number of chromosomal aberrations and higher proliferation rate. Interestingly, the 

C2 phenotype is associated with advanced tumor stage (vascular invasion, distant 

metastasis at diagnosis and PRETEXT IV) as well as worse patient outcome (Cairo et 

al., 2008). Main C1 and C2 features are summarized in Table 5. Importantly, specific 

miR expression profiles regulated by Myc have been reported in HB (Cairo et al., 

2010). 

Table 5. Main features of C1 and C2 HB subtypes. Modified from (Cairo et al., 2008). 

 

Features C1 C2 

Wnt pathway-related mutations 85% 77% 

Overexpressed β-catenin targets 
Liver perivenous 

genes 

Proliferation and 

antiapoptotic genes 

Hepatic progenitor markers 

AFP+                            

Ep-CAM+                   

KRT19 - 

AFP+++                            

Ep-CAM+++                   

KRT19 + 

Liver developmental stage Late fetal/postnatal Early fetal 

Proliferation rate Low High 

Gene signatures 
Hepatic perivenous 

metabolism 

Cell cycle, mitotic 

checkpoint, Myc 

signaling 

Chromosomal instability Low High 

Specific chromosomal changes - +2p, +8q 

Histologic main component Fetal, pure fetal 

Embryonal, crowded 

fetal, 

macrotrabecular 

Tumor stage Early Advanced 

Disease outcome Favorable Unfavorable 
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More recently, Sumazin et al. published a new classification based in 

transcriptomic data distinguishing into 3 HB subtypes: low risk group was defined by 

low Wnt signaling activity and low expression of LIN28B and HMGA2 whereas high 

risk group was characterized by high NFE2L2 activity and high expression of LIN28B, 

HMGA2, SALL4 and AFP. Patients who were not predicted to be at low or high risk 

were considered as intermediate-risk group. Interestingly, this classification was 

significantly correlated with patients survival and AFP, LIN28B and HMGA2 can be 

assessed by IHQ (Sumazin et al., 2017). 

Specific deregulated genes in HB as compared to HCC have also been 

described, comprising the overexpressed MIG6, TGFβ1, DLK1, IGF2 and PEG10 and 

downexpressed IFI27 and LGAL24 (Luo et al., 2006). 

HCC transcriptomic signatures have also been identified. In 2007 Boyault et 

al. identified a 16-gene signature that defined 6 different subclasses, named G1-G6 

that had different pathway activation as well as mutations and etiologies (Boyault 

et al., 2007). Later on, in 2010 Hoshida et al., that differentiated 3 subclasses, named 

S1, S2 and S3 that had different pathway activation, gene expression and 

pathologic features (Hoshida and Toffanin, 2010). 

Transcriptomic studies of FL-HCC have shown overexpression of many 

oncogenes, some of them related to other cancers, such as ErbB2  from the EGF 

pathway (Malouf et al., 2014; Simon et al., 2015; Sorenson et al., 2017), cell cycle 

regulators AURKA and E2F3, CYP19A1 from the estrogen synthesis pathway (Simon 

et al., 2015), IGF2BP1 (Sorenson et al., 2017) and specific neuroendocrine genes 

(Malouf et al., 2014). 

MicroRNAs (miRs) are small non-coding RNA (22-25 nt) evolutionary 

conserved that regulate gene expression by regulating mRNA posttranscriptionaly, 

aligning with the 3’-untranslated region and targeting mRNA for degradation or 

inhibiting translation. Thus, miRs have important roles in the regulation of 

embryogenesis, metabolism, cell proliferation, apoptosis and differentiation and 

can also be implicated in many pathogenic processes, such as carcinogenesis as 

they can target oncogenes or tumor suppressor genes. A huge number of studies 
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have reported deregulation of specific miRs in tumors versus normal tissues (Olson et 

al., 2009; Garzon, Marcucci and Croce, 2010).  

Particular miRs have been identified to be deregulated in HB as compared 

to non-tumor tissue (He et al., 2016; Sumazin et al., 2017) as well as in HCC vs HB 

(Magrelli et al., 2009) and also miR-492 has been proven to modulate PLAG1 

expression and to be codified within the coding sequence of the keratin 19 (KRT19) 

gene  (von Frowein et al., 2011). Moreover, a specific 4 miR signature regulated by 

Myc have been defined in undifferentiated aggressive HB. Importantly, this 

signature of 4 miRs have demonstrated prognostic value also in HCC (Cairo et al., 

2010). Recently, a new study has proposed mir-4510 as a tumor suppressor due to its 

inhibition of GPC3 in HCC as well as HB cells and supports it’s putative role as a 

candidate for miRNA-replacement therapy for patients with liver cancer (Cartier et 

al., 2017). 

 

1.3.6 Proteomic markers 

AFP is the most abundant plasma protein and it is produced by yolk sac and 

the liver during fetal development. Its plasma levels decrease quickly after birth and 

normal adult levels are typically reached by the age of 8 to 12 months. Thus, AFP 

expression in adult are often associated to liver cancer.  AFP is thought to be the 

fetal counterpart of serum albumin and it binds copper, nickel, fatty acids and 

bilirubin. Importantly, it has been traditionally used as tumor marker for HB patients 

(von Schweinitz et al., 1997; Fuchs et al., 2002; Maibach et al., 2012; López-Terrada 

et al., 2013) because most patients show elevated levels at presentations except of 

5-10% who have low or normal AFP levels (De Ioris et al., 2008). Additionally, very high 

(AFP>106 ng/mL)(Maibach et al., 2012) or very low levels (AFP<100ng/mL) (Perilongo 

G, Shafford E, 2000; De Ioris et al., 2008) have also been correlated with reduced 

overall survival. Interestingly, pHCC patients with high levels (>20ng/mL) have worse 

outcome than patients with normal levels (Katzenstein et al., 2002) and FL-pHCC 

patients show normal levels of AFP (Craig et al., 1980; Czauderna et al., 2002). Even 

though AFP levels seems not to be a good marker to differentiate HB from pHCC, it 
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seems to be useful as a predictor of recurrence in case its preoperative levels were 

elevated (Chen et al., 2005) and as a chemotherapy treatment response marker 

(Koh et al., 2011).  

The glutamate-ammonia ligase (GLUL), which is a target gene of the Wnt 

pathway, have also been reported to be upregulated in HB as well as in well 

differentiated and less aggressive C1 subtype as compared to non-tumor liver at 

both gene and protein level (Cairo et al., 2008). Glypican 3 (GPC3) is an oncofetal 

protein overexpressed in both HB and HCC (Luo et al., 2006). Despite the fact that 

GPC3 staining is exclusively observed in tumor tissue with complete negativity in non-

tumor liver and that it can be found in serum of HCC patients, GPC3 serum levels 

are not associated with prognostic features in HB (Zhou et al., 2017). Interestingly, 

epithelial cell adhesion molecule (EpCAM) which is expressed in bile ducts and 

ductules and lesser in periportal hepatocytes, have been identified by 

immunohistochemical (IHC) studies in 35% of adult HCCs (Yamashita et al., 2008; Bae 

et al., 2012). It has been suggested that this EpCAM-positive cells could be cancer 

stem cells with potential of self-renewal and tumorigenesis in xenografts (Yamashita 

et al., 2009; Kimura et al., 2010). Interestingly, in an IHC study of EpCAM expression 

including 12 pHCC, 20 adult HCC, 14 FL-HCC and 15 HB, revealed that it was 

expressed in 100% of pHCC whereas in only 15% of adult HCC (Zen et al., 2014). 

Expression in and most of the FL-HCC and HB (Ruck et al., 2000; Ward et al., 2010). 

Other immunohistochemical markers useful for the identification of HB are listed in 

Table 6. 

Activation of the PI3K/Akt pathway have been reported in HB, mainly by 

confirmed over-expression of p(Ser473)-Akt, and rarely due to PI3KCA mutations 

found in 2% of HB. In vitro experiments confirmed that growth of human HB cells 

depends on an activated PI3K/Akt pathway. Interestingly, IGF2 is a potent ligand of 

the IGF-I receptor, which transduces its signal mostly by the PI3K/Akt pathway. Thus 

overexpressed IGF2 in HB could explain PI3K/Akt pathway activation. Remarkably, 

GSK-3β, a downstream target of PI3K, is involved in β-catenin degradation, and is 

highly phosphorylated in HB, which indicates activation of the pathway (Hartmann 
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et al., 2009). Although GSK-3β is a common effector of both pathways, it seems that 

its regulation is not mediated by the same phosphorylation events (Wu, 2010). 

 

 

 

 

 

Abbreviations: N, nuclear. 

 

1.3.7 Epigenetic features 

Epigenetics refers to the inheritance of patterns of DNA and RNA activity that 

do not depend on the nucleotide sequence. Main epigenetic events are CpG 

islands methylation and histone modifications such as acetylation. CpG island 

hypermethylation blocks transcription, thus it can inactivate tumor suppressor genes 

or modify gene expression profiles. It has also been observed hypermethylation of 

promotor regions of specific miRNAs that act as gene regulators related to cancer 

and metastasis (Esteller, 2011). 

Imprinted genes are expressed in a parent-of-origin way and are 

characterized by DNA methylation on one of the two parental alleles, thus, there 

are maternally methylated or paternally methylated genes. Importantly, many 

 

 
Well 

differentiated 
Crowded Pleomorphic Embryonal SCU Mesenchymal Cholangioblastic 

GPC3 
Finely 

granular 

+++ 

coarse 

++ 

coarse 

+++ 

coarse/rare- 
-, rare + - - 

Β-

catenin 

Variably 

+/+++ N or 

normal 

+/+++ 

N 

+/+++ 

N 

+/+++ N, 

can be - 
+++ N 

+++ N on 

osteoid/blastema/-

in teratoid 

elements 

Variable/positive 

nuclei 

GS +++ +++ Variable 
Variable, 

can be - 
- - - 

Hep Par +++ +++ Variable Usually - - - - 

Cyclin 

D1 
- +/++ +/+++ +/+++ +/++ 

Variable/- in 

teratoid 
 

CK7 - -  - -/+ 
Variable/weak in 

blastema 
+++ 

CK19 - - - - 
+/++ 

variable 

-/weak in 

blastema 
+++ 

CD34 + Endo + Endo      

Vimentin - - - - +/++ +++ Usually - 

INI1 +++ +++ +++ +++ 

- pure 

SCU; 

variable 

when 

mixed 

+++ +++ 

Table 6. Immunohistochemical stains useful for the diagnosis of HB. Modified from (López-

Terrada et al., 2013).  
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imprinted genes regulate cell growth and differentiation, and for this reason, 

disrupting of imprinting may lead diseases like cancer, and specifically, HB 

(Rumbajan et al., 2013). For example, hypermethylation of H19/IGF2 imprinting 

domain at the 11p15.5 locus is the cause of the BWS and is also observed in 29% 

sporadic HB. Loss of the maternally-expressed tumor suppressor gene H19 and the 

duplication of the IGF2 paternal allele could lead to an imbalance between 

growth-inhibiting and growth-promoting stimuli and contribute to tumor 

development (Albrecht et al., 1994; Hartmann et al., 2000).  

In HB, no methylation array studies have been published yet, however several 

studies reported epigenetic silencing of SFRP1 and APC genes, both of them 

negative regulators of the Wnt pathway (Shih et al., 2007; Sakamoto et al., 2010) 

(see 1.2.3.1 Gene mutations for details about Wnt/β-catenin pathway), HHIP which 

is a negative regulator of the Hedgehog pathway (Eichenmüller et al., 2009), the 

JAK/STAT regulator SOCS1 (Nagai et al., 2003; Honda et al., 2008; Sakamoto et al., 

2010), the apoptosis regulator CASP8 (Honda et al., 2008) and tumor suppressor 

RASSF1A (Honda et al., 2008; Sakamoto et al., 2010) and IGF2 (33%), and 

hypermethylation in GNASXL (40%) and RB1 (41%) (Rumbajan et al., 2013). As many 

of these methylation events have been described as markers for several 

clinicopathological aspects of HB, it has been suggested that the aberrant promoter 

methylation detection in serum DNA could be used for the detection of high-risk 

patients (Tomlinson and Kappler, 2012).  

 

1.4 Experimental models of liver cancer: patient derived xenografts 

Using preclinical models is mandatory for translational research and it is even 

more important in childhood liver tumors due to its rarity. Although the use of cell 

lines led to important knowledge in the field of cancer biology, they are not the best 

model since are adapted to grow in an artificial environment and accumulate 

genetic changes during its culture (Zarzosa et al., 2017). The first murine models 

mimicking human tumors were developed by the subcutaneous injection of cell 

lines, either established or primary isolated from tumor samples. Later on, the 
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implantation of tumor tissue fragments in mice to generate patient derived-

xenografts (PDX) was developed. Importantly, engrafted tissue maintains the 

original tumor heterogeneity and the associated stroma, contributing to a better 

model for the study of tumor biology as compared to cell culture. Interestingly, the 

model perpetuation by different passages, allow to stabilize the tumor phenotype 

and to use it to test different drugs (Hoffman, 1999). First PDX models were generated 

by heterotopicaly tumor transplantation, mostly implanted subcutaneously in the 

back of the mice, but these tumors have many inconveniences such as less ability 

to develop metastasis. Thus, orthotopic PDX, that is, tumor engrafted in the same 

organ of origin, better resemble patient tumor progression and response to 

treatment, but its achievement is more complicated than heterotopic PDX (Zarzosa 

et al., 2017). 

The use and characterization of PDX is required in order to deep in the 

knowledge of pediatric liver tumors and to test new therapeutic options. The first 

evidence of HB could be engrafted and grown in immunocompromised mice as 

PDX models was reported by Fuchs et al. in 1996. In their study, 4/6 tumors grew in 

the mice and despite fetal tissue could also be observed in the successful PDX, only 

tumors with embryonal components could progress. This seems to indicate that the 

growth of HB xenografts depends on the presence of an immature phenotype. 

Interestingly, the grafted tumors showed high AFP levels as the primary tumors did 

(Fuchs et al., 1996). More recently, Bissig-Choisat et al. were able to develop 

orthotropic PDX from 4 HB, 1 pHCC and 1 NOS. These PDX resembled the histology, 

genetic and biological features of the primary tumors, including the metastatic 

behavior (Bissig-Choisat et al., 2016). To our knowledge, no reports on orthotopic 

PDX form pediatric liver tumors have been reported. PDX generation form adult HCC 

have been reported, both heterotopicaly (Xin et al., 2014) and orthotopicaly 

(Armengol et al., 2004). 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bissig-Choisat%20B%5BAuthor%5D&cauthor=true&cauthor_uid=27117591
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The global aim of this thesis was to perform a molecular characterization of 

childhood liver cancer by using omic and next generation sequencing techniques 

in order to deep in the knowledge of the mechanisms implicated in the 

development and progression of pediatric liver cancer, and to contribute to an 

improvement on patient stratification and clinical management. To do so, we 

established the follow specific aims: 

 

1. To establish a highly clinically annotated collection of tumor samples of pediatric 

patients with liver cancer. 

 

2. To study the proteomic profile of HB tumors in order to identify deregulated 

pathways and prognostic biomarkers at proteomic level that could be easily 

applied at the clinical practice. 

 

3. To increase the molecular knowledge of pediatric liver cancer (HB, pHCC and 

NOS) through the integration of different data obtained from 2 different 

approaches: 

 

a. RNAseq study in order to identify fusion proteins and mutations. 

 

b. Genomic study to identify recurrent chromosomal and allelic 

imbalances associated to prognosis 
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3.1 Establishment of a collection of biological samples from pediatric patients with 

liver cancer and healthy individuals 

With the purpose of creating the first collection of biological samples from 

pediatric patients with liver cancer in Spain, the Childhood Liver Oncology Group 

(c-LOG) has been collecting samples since its creation in 2009 in collaboration with 

the Grupo Español para el Estudio de Tumores Hepáticos Infantiles (GEETHI) and 

supported by the Sociedad Española de Hematología y Oncología Pediátricas 

(SEHOP) and the SIOPEL group. This huge work implies the coordination of a 

multidisciplinary team of surgeons, pathologists, pediatric oncologists and nurses 

from the participating hospitals,  

This collection together with additional samples obtained from international 

collaborations is the basis of the translational research of the cLOG group and 

specifically, of the present PhD thesis.  

The study was approved by the Biomedical Research Committee of the 

Health Science Research Institute Germans Trias i Pujol (IGTP), and patient informed 

consent was obtained at each medical center at the time of sample collection in 

accordance with European Union guidelines for biomedical research. Finally, 

collected samples were processed and stored at the IGTP. 

 

3.1.1 Patients inclusion 

From 2009 onwards, biological samples from patients diagnosed with a liver 

tumor in the main hospitals in Spain (mainly Hospital Universitari Vall d’Hebron 

(Barcelona), Hospital Universitario La Paz (Madrid) and Hospital Universitari I 

Politècnic La Fe (Valencia)) were obtained. 

Frozen and FFPE tissue samples as well as plasma and peripheral blood 

monocytes (PBL) were collected from pediatric patients suspected with a liver 

tumor. The diagnosis was obtained by an expert pathologist after tumor biopsy. 

Samples from patients with a final diagnosis of a benign tumor lesion were also 

included in the collection. PBL from the parents of the patients were also obtained. 
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Furthermore, plasma samples from healthy children undergoing minor 

surgical operations non-related with liver damage or cancer were obtained from 

the Hospital Universitari Vall d’Hebron from July to December 2015. 

 

3.1.2 Biological samples obtaining and storage 

3.1.2.1 Blood and derivatives 

Blood samples were obtained at the time of diagnosis before chemotherapy 

treatment when possible, by specialized nurses in the respective hospitals using 

standard blood collection tubes. When possible, blood samples were obtained by 

taking advantage of an already programed blood extraction. Due to the young 

age of the patients, the volume of blood obtained was variable (5-10mL).  

Immediately after blood extraction, plasma samples were obtained by 

centrifuging blood at 2000g for 10 minutes at 4ºC and taking the supernatant. The 

plasma obtained was aliquoted and immediately frozen at -80ºC or stored with dry 

ice until sample shipment. Once at the IGTP, plasma samples were stored at -80ºC 

until its use. 

Peripheral Blood Lymphocytes (PBL) were isolated from by centrifuging the 

blood at 2000rpm (revolutions per minute) for 10 minutes and taking the interphase 

(cellular phase).   

From healthy patients, only plasma samples were obtained, also following the 

same protocol explained above. 

 

3.1.2.2 Tissue samples 

Tissue samples were obtained from biopsy, surgical resection or liver 

transplant procedures by expert pathologists.  
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At the time of diagnostic biopsy, surgeons were asked to perform an extra 

tru-cut passage in order to obtain tumor tissue sample for research purposes, only 

when possible.  

From surgical specimens, tumor tissue as well as non-tumor liver tissue were 

obtained. Pathologists were asked to prepare: 

- 1-3 pieces of tumor tissue (depending on tumor size) in cryotubes for its 

immediate freezing 

- 2 pieces of tumor tissue to be kept fresh in complete cell culture media  

- Formalin-fixed Paraffin-embedded (FFPE) blocks 

- 1-3 pieces of non-tumor liver tissue in cryotubes for its immediate freezing 

- 1 piece of non-tumor liver tissue to be kept fresh in cell culture 

All the tissue samples had to be snap-frozen with liquid nitrogen or dry ice and 

stored at -80ºC until its shipment, except fresh samples, which had to be preserved 

and shipped at RT. 

In order to assess protein expression in large series of patients, we developed 

11 tissue microarrays (TMA) by using FFPE tissues from this collection including 

samples of 144 patients, 104 tumors, 40 biopsies and 42 NT samples. 

3.1.3 Clinical and pathological data registry 

 Parallel to the sample obtaining, clinical, pathological and familiar 

data were also obtained from the patients included in the study. 

Pediatric oncologists and pathologists were asked to complete specific forms 

designed for the study in order to collect all the clinical, familiar and pathological 

data associated and to send them back to the IGTP.  

3.1.5 Molecular characterization of the samples 

At molecular level, frozen tumors were annotated according to the 16-gene 

signature by qPCR and β-catenin gene mutations as previously reported (Cairo et 

al., 2008). For FFPE tumors, nuclear accumulation of β-catenin and ki67 staining was 

analyzed by immunohistochemistry.  
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3.2. Proteomic study 

 

Figure 13. Workflow followed on the proteomic study. 

 

3.1.1 Patients, tissue and plasma samples 

The proteomic study includes samples from 160 patients included in 2 sets of 

samples (discovery and validation set). The discovery set comprised frozen tumor 

samples from 16 patients previously analyzed by Affymetrix HG-U133A microarrays 

(Cairo et al., 2008) together with 8 NT, cell lines and FL. As control, 2 human fetal 

livers at different gestational ages obtained from the Biobank of the Hospital 

Universitari Vall d’Hebron (Barcelona) were also included in the study. For the 

validation set, a total of 186 samples including 104 surgical specimens and 40 

biopsies form 133 patients with HB, 6 NOS and 5 pHCC in non-cirrhotic liver, as well 
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as adjacent non-tumor liver from 42 patients were analyzed. Those samples used for 

the validation set were included in 11 TMAs. 

Table 7 summarizes the main clinical and pathological features of the 160 

childhood patients with liver cancer included in the study. Regarding the discovery 

set, we studied 16 tumors which were previously characterized  (Cairo et al., 2008) 

as C1 (n=11) and C2 (n=5). Patients received chemotherapy treatment prior to 

surgery, most being enrolled in clinical trials of the SIOPEL group (Perilongo G, 

Shafford E, 2000). Fifty-six (9/16) percent of the patients had PRETEXT III or IV tumor, 

31% (5/16) presented with metastasis at diagnosis and 56% (9/16) had vascular 

invasion. Eighty-one percent of the tumors (13/16) presented an epithelial histology. 

Mean follow-up was of 45.7 months with a cancer-related death incidence of 37.5%.  

Regarding the validation set,  99 patients received chemotherapy treatment 

prior to surgery, most being enrolled in clinical trials of the SIOPEL group (Perilongo 

G, Shafford E, 2000). Seventy-four (57%) of the HB patients had PRETEXT III or IV tumor, 

114 (85%) presented with metastasis at diagnosis and 103 (79%) had vascular 

invasion. A pathological examination of all the tumor specimens was performed by 

national expert pathologists (L. G. and M. G.). Eighty two of the tumors (60%) 

presented an epithelial histology and ninety one (70%) of them a main predominant 

fetal component. Regarding the pHCC, 2 patients (50%) presented with metastasis 

at diagnosis and 67% has vascular invasion. Mean follow-up was of 87 months with 

14 cancer-related deaths for HB patients and 44 months and 3 cancer-related 

deaths for pHCC. 
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Table 7. Clinical, pathological and molecular features of the 160 patients included in the 

study. 

 Discovery set  Validation set 

 

HB  

(n=16) 

HB 

(n=139) 

pHCC  

(n=5) 

 Age, months (median, [range]) 29 [12-204] 13 [0.29-159] 123 [118.179] 

 Serum AFP, ng/mL (range) 448-1.708.400 11-7.627.330 NA 

 Preoperative chemotherapy (Y/N) 15/1 96/43 3/2 

 Tumor stage    

PRETEXT stage (I/II/III/IV/NA) 1/6/6/3/0 11/45/50/24/9 0/0/0/2/3 

Metastasis at diagnosis (Y/N/NA) (%Y) 5/11/0 (31.25%) 20/114/5 (15%) 2/2/1 (50%) 

Vascular Invasion (Y/N/NA) (%Y) 9/7/0 (56.25%) 28/103/8 (21%) 2/1/2 (67%) 

 Histology    

Epithelial/Mixed /NA  13/3/0 82/55/2 - 

MEC: Fetal/Non-Fetal*/NA 10/6/0 91/40/8 - 

SCU histology (%) 0 5 (4%) - 

     NOS tumors (%) 0 6 (4%) - 

 16-gene Subtype (C1/C2) 11/5 - - 

 Follow-up, months (mean) 45.7 87.1 43.7 

Tumor recurrence (Y/N) 1/15 13/126 0/5 

Outcome: cancer-related deaths (%) 6 (37.5%) 14 (11%) 3 (60%) 

 * Non fetal includes: Embryonal, crowded fetal, macrotrabecular and SCU 

NA, non-available; MEC, Main Epithelial Component 

 

3.1.2 Protein study 

3.1.2.1 Protein isolation and quantification 

Liver tumor and non-tumor tissue samples in lysis buffer (7M urea; 2M thiourea; 

2% CHAPS; 65mM DTT; 1% protease inhibitor; 0.6% benzonase) were homogenized 

by using FastPrep®-24 Instrument (MP Biomedicals). Then, homogenized samples 

were ultracentrifugated at 32.000 rpm for 50 minutes, the supernatant was collected 

and its protein concentration was determined using the Bio-Rad Protein Assay (Bio-

Rad). 

3.1.2.2 Proteomic analysis  

All the proteomics experimental work and analysis has been done at the 

Proteomics Facility of Cic bioGUNE Center for Cooperative Research in Biosciences 

(Derio, Bizkaia) by Dr Mikel Azkargorta under supervision of Dr Felix Elortza. 



Patients, materials and methods 

67 
 

The proteomic profiling of 16 HB tumor (11 C1 and 5 C2 subtypes) and 8 non-

tumor liver tissues was studied by Two-Dimension Fluorescence Difference Gel 

Electrophoresis (2-D DIGE). Moreover, 8 tumor (4 C1 and 4 C2 subtypes) and 4 non-

tumor samples were selected for nano-LC-ESI-MS/MS Label free (LF) analysis. 

 

3.1.2.2.1 Two Dimension Gel Electrophoresis  

Protein extracts were precipitated using 2D Clean-Up kit (GE Healthcare) and 

resuspended in Cell Lysis-Buffer,containing 7M Urea, 2M Thiourea, 4% CHAPS, 30mM 

Tris. Samples were incubated for 1h at RT under agitation, and protein content was 

quantified using the Bio-Rad Protein Assay (Bio-Rad). Proteins were labeled following 

manufacturer’s instructions (GE Healthcare). Each sample was labeled with Cy3 or 

Cy5 cyanine dyes used in a ratio of 400 pmol dyes for each 50 μg protein. Samples 

of different HB subclasses and non-tumor tissues were randomly labeled to avoid 

dye biases. Cy2 dye was specifically used for labeling the internal standard (mixture 

of the different samples present in the study). Prior to the analysis, Cy3- and Cy5-

labeled sample pairs were mixed together with a Cy2-labeled internal standard 

aliquot in equal proportions (50ug each). A buffer containing DTT and ampholytes 

was added to these mixtures, to a final concentration of 7M Urea, 2M Thiourea, 4% 

CHAPS, 15mM Tris, 65mM DTT, 1% ampholytes. The 150 μg protein mixtures were 

loaded and run in 24cm pH 4-7 strips (GE Healthcare) for isoelectric focusing (IEF). 

After the IEF, strips were incubated in equilibration buffer (6M Urea, 100 mM Tris pH 

6.8, 30% (w/v) glycerol, 2% (w/v) SDS) with 2% DTT for 15 min, and in the same buffer 

with 2.5% IA instead of DTT for another 15 min. Second dimension (SDS-PAGE) was 

carried out in an Ettan Dalt Six chamber (GE Healthcare) using  12% polyacrylamide 

gels. Gels were run at 1W/gel for 30 min, 5 W/gel for another 30 min, and finally at 

17 w/gel for approximately 3h. Images were acquired in a Typhoon Trio scanner (GE 

Healthcare) following manufacturer’s recommendations and analyzed using 

REDFIN software (Ludesi). Spot volume normalization against the internal standard 

was automatically performed. Spots with a volume >100 and present in all the gels 

in each comparison were considered for the analysis. After the ANOVA test 

performed by the software, spots with a p<0.05 and a ratio>1.5 in either direction 
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were considered as significantly deregulated, and therefore excised from the gel. 

For this purpose, a gel with 300μg protein was run, matched to the analyzed set, and 

picked using the automatic Ettan Spot Picker (GE Healthcare). These spots were 

digested and submitted to mass spectrometry analysis. 

2D-DIGE Spot digestion and protein identification  

Gel spots were reduced and alkylated prior to their digestion with trypsin. 

Thus, spots were washed and incubated with DTT (10 mM in 50 mM ammonium 

bicarbonate, 30 µl) at 56 ºC for 20 min, followed by an incubation in IA (50 mM in 50 

mM ammonium bicarbonate, 30 µl) for another 20 min in the dark. Then, spots were 

washed in ammonium bicarbonate, dried by adding excess of acetonitrile and 

incubated with trypsin (12.5 µg/mL in 50 mM ammonium bicarbonate, 10 µl) for 20 

minutes in ice. After rehydration, the trypsin supernatant was discarded, spots were 

covered with 50 mM ammonium bicarbonate, and incubated overnight at 37 ºC. 

After digestion, supernatant was collected and acidic peptides were further 

extracted with trifluoroacetic acid (TFA) 0.1 % and pooled with the previously 

released peptides. Samples were dried out in a RVC2 25 speedvac concentrator 

(Christ) and submitted to MALDI-TOF/TOF analysis (see 3.1.2.2.3.1 MALDI-TOF/TOF 

analysis). When no confident identification was obtained with MALDI-TOF/TOF, 

peptides were analyzed in an LTQ Orbitrap XL ETD mass spectrometer (Thermo 

Finnigan), (see 3.1.2.2.3.2 LTQ Orbitrap XL analysis). 

 

3.1.2.2.2 Label-Free LC-MS and peptide identification 

Fifty ug of protein extracts were precipitated and resuspended in 6M Urea. 

Then, the sample was reduced (5mM DTT for 45 min), alkylated (25mM IAA for 45 

min), and diluted to a final concentration of 1M Urea. For protein digestion, trypsin 

was added to a trypsin:protein ratio of 1:10. The mixture was incubated overnight at 

37oC, dried out in a RVC2 25 speedvac concentrator (Christ) and resuspended in 

0.1% FA. The equivalent of 300ng of each sample was submitted to Liquid 

Chromatography-MS label-free analysis. LTQ Orbitrap XL mass spectrometer 

(Thermo Finnigan) was used for this purpose. The Progenesis LC-MS (version 
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4.0.4265.42984, Nonlinear Dynamics) was employed for the label-free differential 

protein expression analysis.  

 

Progenesis LC-MS (version 4.0.4265.42984, Nonlinear Dynamics) was utilized 

for the label-free differential protein expression analysis. One of the runs was 

adopted as the reference to which the precursor masses in all other samples were 

aligned to. Only features comprising charges of 2+ and 3+ were selected. The raw 

abundances of each feature were automatically normalized and logarithmized 

against the reference run. Samples were grouped in accordance to the comparison 

being performed, and an ANOVA analysis was performed. Features with an ANOVA 

p-value ≤ 0.05 and a ratio>1.5 in either direction were only further considered. A 

peak list containing the information of these significantly different features was 

generated and exported to the Mascot search engine (Matrix Science Ltd.) The 

generated .mgf file was searched against Uniprot/Swissprot human database. The 

list of identified peptides was imported in Progenesis LC-MS and the previously 

quantified features were matched to the corresponding peptides. Non-conflicting 

peptides (peptides occurring in only one protein) were specifically chosen for 

quantitative purposes, and only proteins with at least two quantified non-conflicting 

peptides were selected. The significance of expression changes was again tested 

at protein level, and proteins not satisfying the ANOVA p-value ≤ 0.05 and Ratio>1.5 

in either direction criteria were filtered out. 

 

3.1.2.2.3 Mass spectrometry analysis  

3.1.2.2.3.1 MALDI-TOF/TOF analysis 

Dried peptides were resuspended in 0.1 % TFA, desalted using in-house Poros 

R2+R3 micro-columns, eluted in α-Cyano-4-hydroxycinnamic acid (HCCA) 

(prepared in 10:30 acetonitrile:TFA 0.1 %), and spotted on a MALDI Ground Steel 384 

plate (Bruker Daltonics). The spots were allowed to dry out prior to the analysis. MS 

and MS/MS analysis were performed on an Autoflex III Smartbeam TOF/TOF (Bruker), 

equipped with a LIFT and a reflectron. Peptide ionization was carried out using 200 

Hz pulses of a 360 nm solid-state laser. Mass resolution was kept above 7500 for the 

entire mass window. One thousand and four hundred scans were carried out for the 



Patients, materials and methods 

70 
 

peptide mass fingerprint (PMF) analysis, and the parental ions were selected 

manually. Peptide fragment fingerprinting (MS/MS) analysis was performed using 

400 scans for the parental ions and 1600 scans for the fragments. 

 

3.1.2.2.3.2 LTQ Orbitrap XL analysis 

Peptide separation was performed on a nanoACQUITY UPLC System (Waters) 

on-line connected to an LTQ Orbitrap XL mass spectrometer (Thermo Electron). An 

aliquot of each sample was loaded onto a Symmetry 300 C18 UPLC Trap column 

(180 µm x 20 mm, 5 µm (Waters)). The precolumn was connected to a BEH130 C18 

column (75 μm x 200 mm, 1.7 μm (Waters)), and equilibrated in 3% acetonitrile and 

0.1% FA. Peptides were eluted directly into the LTQ Orbitrap XL mass spectrometer 

through a nanoelectrospray capillary source (ProxeonBiosystems), at 300 nl/min and 

using a 30 min linear gradient of 3–50% acetonitrile for DIGE spots, or a 60 min linear 

gradient of 3–50% acetonitrile for LF samples.  The mass spectrometer automatically 

switched between MS and MS/MS acquisition in DDA mode. Full MS scan survey 

spectra (m/z 400–2000) were acquired in the orbitrap with mass resolution of 30000 

at m/z 400. After each survey scan, the six most intense ions above 1000 counts were 

sequentially subjected to collision-induced dissociation (CID) in the linear ion trap. 

Precursors with charge states of 2 and 3 were specifically selected for CID. Peptides 

were excluded from further analysis during 60 s using the dynamic exclusion feature.  

 

3.1.2.2.4 Database searches 

MALDI data was processed using FlexAnalysis v3.0 (Bruker Daltonics). The 

resulting mass lists were generated by BioTools v2.1 (Bruker Daltonics) and the 

database searches were performed by Mascot v2.1 (Matrix Science) search engine 

against Uniprot/SwissProt database (version 2013_07, 540,546 entries) using Mascot 

version 2.2.07. Carbamidomethyl was chosen as fixed modification. Peptide mass 

tolerance of 30 ppm and 0.7 Da of fragment mass tolerance were chosen along 

with up to one missed cleavages. 

 

LTQ Orbitrap XL searches were performed using Mascot search engine v2.1 

(Matrix Science) with Proteome Discoverer 1.2. (Thermo Electron). 
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Carbamidomethylation of cysteines was set as fixed modification, and oxidation of 

methionines as variable modification.5 ppm of peptide mass tolerance, 0.5 Da 

fragment mass tolerance, and 2 missed cleavages were allowed. Spectra were 

searched against Uniprot/Swissprot database version 2013_07. Regarding LF 

searches, only peptides with a false discovery rate of <5% were selected for further 

analysis. For the 2D-DIGE protein identification, only proteins identified as unique in 

a given spot were used for further statistical analysis. 

 

3.1.2.3 Western Blot (WB) 

The 8 putative prognostic biomarkers identified by proteomics as well as key 

proteins of significant pathways were validated by SDS-PAGE electrophoresis and 

Western blotting analysis. To do so, 50 µg of protein extracts were resolved in SDS-

10% polyacrylamide gels (SDS-12% for DERM) under reducing conditions, and 

electrophoretically transferred to nitrocellulose membranes (Bio-Rad Laboratories, 

UK). The membranes were then blocked with Starting Block TBS blocking buffer 

(Pierce) for 1h at RT and incubated overnight at 4°C with indicated primary 

antibodies diluted in blocking buffer. The membranes were subsequently incubated 

with the appropriate fluorescently-coupled secondary antibodies (IRDye 800Cw-

conjugated goat anti mouse IgG or IRDye680Cw-conjugated goat anti rabbit IgG 

926-32210 and 926-68021 respectively, Li-Cor), diluted in blocking buffer for 60 min 

at RT. Three 15 minutes washings between steps were performed with TBS-0.01% 

Tween 20 (phosphorylation markers) or PVS-0-01% Tween 20 (non-phosphorylation 

markers). Tubulin antibody was used as a loading control in all the experiments. 

Bound antibody was detected with an Odyssey Infrared Imager and densitometric 

analysis was performed by using the Odyssey V.3 software (LI-COR). A reference 

sample was included in all the membranes used and fold change of the biomarkers 

expression was calculated using it as a control. The different antibodies used for WB 

are listed in Table 8. 
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Table 8. List and details of the different antibodies used for WB. 

Protein Type 
Working 

dilution 
Reference Brand 

ALB mAb 1:5000 A 6684 Sigma-Aldrich, St Louis, MO, USA 

Akt mAb 1:2000 4691 Cell signal 

Akt (Phospho-

Ser473) 
mAb 1:2000 4060 Cell signal 

CRYL1 poAb 1:1000 HPA040403 Sigma-Aldrich, St Louis, MO, USA 

CKAP4 poAb 1:500 HPA000792 Sigma-Aldrich, St Louis, MO, USA 

C1QBP poAb 1:250 HPA026483 Sigma-Aldrich, St Louis, MO, USA 

DERM poAb 1:285 10537-1-AP ProteinTech/AntibodyBCN 

EIF mAb 1:1000 NBP2-02669 
Bio-Techne, Minneapolis, 

MN, United States 

pEIF 2α mAb 1:1000 04-342 Millipore, Billerica, MA, USA 

GLUL mAb 1:2000 610517 
BD Transduction Laboratories, 

Lexington, KY, USA 

TMPSD poAb 1:2500 PA5-30935 Thermo Fisher Scientific 

TP53 mAb 1:200 Sc-47698 
Santa Cruz Biotechnology, Dallas, 

TX, USA 

TUBULIN mAb 1:10000 T6074 Sigma-Aldrich, St Louis, MO, USA 

TXNL1 poAb 1:250 HPA002828 Sigma-Aldrich, St Louis, MO, USA 

YAP mAb 1:1000 WH0010413M1 Sigma-Aldrich, St Louis, MO, USA 

YAP 

(Phospho-

Ser127) 

poAb 1:1000 SAB4301450 Sigma-Aldrich, St Louis, MO, USA 

 

 

 

https://en.wikipedia.org/wiki/Minneapolis
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3.1.2.4 Immunohistochemistry (IHC) 

The expression of the 3 significant biomarkers, C1QBP, CKAP4 and CRYL was 

assessed in 144 FFPE pediatric liver tumors and 42 non-tumorous livers included in 4-

micron sections mounted on silanized DAKO glass slides of 6 different Tissue 

Microarrays (TMA) by IHC. The same tumors were also characterized according to 

its proliferation degree (Ki67) and β-catenin status.  

For inmunostaining, tissue sections were deparaffinised and rehydrated in 

water. Antigen retrieval was performed in a DAKO PT link (Agilent, Santa Clara, CA; 

USA). Slides were incubated with the same antibodies previously used for WB at the 

following working dilutions: C1QBP and CKAP4 (1: 100), and CRYL (1: 200) for 60 min.  

Prediluted mAB antibodies for Ki67 (#M7240) and β-catenin (#M3539) all from 

Agilent Technologies, were also used.  Staining was detected with Dako Envision Plus 

kit. Slides were counterstained with Hematoxylin and coverslipped with DPX 

mountant for microscopy (VWR Int). 

The expression of prognostic biomarkers determined by IHQ was calculated 

by examining two cores and defined according to percentage of stained 

hepatocytes (0=no stained cells, 1=1-4%, 2=5-19%, 3=20-39%, 4=40-59%, 5=60-79%, 

6=80-100% of positive cells) and intensity 0, no staining; 1, low; 2, moderate and 3, 

intense staining). Percentage scores were multiplied by intensity scores to yield an 

overall score. Finally, by using NL staining as a reference, the cut-offs of alteration 

were stablished. 

Proliferating activity was assessed by Ki67 labeling index (LI) defined as the 

percentage of nuclear positive cells in the observed field. Afterward, tumors were 

classified as low Ki67 (LI < 5%) and high proliferating Ki67 (LI > 5%).  Nuclear and/or 

cytoplasmic β-Catenin and nuclear TP53 scores of >3 were considered as positive. 
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3.1.2.5 Enzyme-Linked ImmunoSorbent Assay (ELISA) 

In order to quantify the plasmatic levels of C1QBP, a commercial ELISA kit was 

used: Enzyme-linked Immunosorbent Assay kit for Hyaluronan Binding Protein 1 

(HABP1) (Cloud-Clone Corp, Katy, TX, USA). 

Plasma samples from 20 patients with liver cancer and 7 healthy patients 

were diluted 1/100 and 1/200 in PBS. Samples were analyzed in triplicates and 

following manufacturer instructions. Absorbance values were determined with a 

spectrophotometer Varioskan Flash (Termofisher Scientific) at 450 nm. 

Main clinical and pathological features of the 27 childhood patients with liver 

cancer and healthy individuals included in the study are listed in Table 9. Patients 

with liver cancer were classified as good (n=10) or poor outcome (n=10). Patients 

with bad prognosis features (poor) were classified if presented metastasis and/or 

multifocality and/or PRETEXT IV and/or AFP >106 ng/mL and/or more than 3 years 

and/or pHCC. The patients classified as “good prognosis” did not meet the 

mentioned criteria. 

Table 9. Clinical and pathological features of the 27 patients and healthy individuals included in the 

ELISA study. 

 

Healthy 

individuals  

(n=7) 

Liver cancer 

patients 

(n=20) 

 Age, months (median, [range]) 27 [4-50] 14 [0.2-144] 

 Serum AFP, ng/mL (range) - 710-1374186 

 Tumor stage   

PRETEXT stage (I/II/III/IV/NA) - 2/8/6/4 

Metastasis at diagnosis (Y/N/NA) - 4/15/1 

Vascular Invasion (Y/N/NA) -  

 Histology   

HB:  Epithelial/Mixed Tumors/NA Tumors - 10/9 

       MEC: Fetal/Non-Fetal*/NA - 10/6/3 

       SCU histology - 1 

    pHCC - 1 

 Follow-up, months (mean) - 38 

Outcome: cancer-related deaths - 1 (5%) 
*Non fetal includes: embryonal, macrotrabecular and fetal atypical. 

NA, non-available; MEC, Main Epithelial Component 
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3.1.3 Bioinformatic analysis 

3.1.3.1 Pathway analysis  

In order to identify the deregulated pathways in HB and specially, in the C2 

aggressive cases, we used the software Ingenuity® Pathway Analysis (IPA®) which 

allows to search and analyze omic data, such us proteomics, and to identify 

deregulated pathways, targets or biomarkers. The data analyzed comprised the 

deregulated proteins in the T vs NT, C2 vs C1, C1 vs NT and C2 vs NT comparisons 

(p<0.05, -1.5≤FC≥+1.5). IPA software calculated an activation z-score, which 

determines whether an upstream transcriptional regulator has significantly more 

activated predictions (z>0) than inhibited predictions (z<0). 

After loading the different lists, a core analysis was run using IKB as a reference 

set. Direct and indirect relationships were considered. Only experimentally observed 

interactions were contemplated and evidences found in all species and tissues and 

cell lines were taken into account. 

3.1.3.2 Bioinformatics analysis of proteomic data 

The bioinformatics analysis was done in collaboration with Lara Nonell from 

the Microarray Analysis Services (SAM) in the Institut Hospital del Mar 

d’Investigacions mèdiques (IMIM). 

Unsupervised and supervised analysis of proteomic data  

Hierarchical clustering was performed with Pearson’s correlation distance 

and Complete as linkage method and also Principal component analysis were 

applied to assess sample aggregation. 

Integrative study 

The integration of DNA, RNA and protein data was performed with two 

different methodologies. The first approach was conducted with regression 

techniques by using DR Integrator (DRI) (Salari, Tibshirani and Pollack, 2009) 

(http://CRAN.R-project.org/package=DRI), a methodology that requires the same 

set of samples and also the same set of genes to be analyzed. To integrate two data 

http://cran.r-project.org/package=DRI
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sets with the objective of comparing two conditions represented in both data sets, 

it computes a moderated t-test for each set and then it combines both results to 

create a common score. For this purpose DNA data was transformed to obtain a 

data set with genes instead of BACS. This was performed by taking raw data and, 

for each present gene taking the mean value of the corresponding matching BACs. 

Control samples were estimated by taking the distribution of DNA controls and 

resampling to obtain 2 new control samples. Protein data were analyzed on one 

side through DIGE and on the other side through LF by completing it with DIGE data 

(only complementary proteins). In order to complete LF data with DIGE, they were 

previously scaled and joined. Once all data was prepared, DRI was executed in 3 

steps, first integrating DNA and RNA, then DNA and protein and finally RNA and 

protein. 

 

3.1.3.3. Statistical analysis  

 In order to study the significant bivariate differences, t-student, chi-square or 

Fisher tests were used according to convenience. To study the impact on patient 

event free survival (EFS) or overall survival (OS) of the different biomarkers studied 

and the 3-protein signature, the Kaplan–Meier method was used to estimate survival 

curves, and the log-rank test was used to compare them. Cox regression was used 

to assess the impact of the different classifications in patient event free survival. 

Statistical analysis was performed with the GraphPad Prism 7 for Windows, 

GraphPad Software (La Jolla, CA, USA) and the IBM SPSS statistics for Windows, 

version 15 (Chicago, IL, USA). Fisher exact test calculated with the online tool 

http://vassarstats.net/fisher2x3.html for tables other than 2x2. 
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3.3 Genomic and RNAseq study 

3.2.1 Patients and tissue samples 

 

For this study, we analyzed 81 frozen tissue samples of 31 patients with HB by 

three different techniques: RNA sequencing (Illumina platform and CytoSCAN array 

(Affymetrix). Samples included primary tumors (n=31), non-tumor liver (N=31), 

recurrences (n=2) and Patient Derived Xenografts (PDX) samples from 31 HB patients 

and 4 pHCC were included in the discovery set, whereas frozen tumor samples from 

additional 21 patients with HB were used for the validation set. Moreover, 11 PDX 

samples were included in the study including 1 orthotopic PDX obtained from a case 

of our Spanish collection thanks to Dr A. Villanueva and 12 subcutaneous PDX 

obtained in collaboration with Dr S. Cairo of the XenTECH Company.  

 

Table 10 summarizes the main clinical and pathological data of the 52 

patients with liver cancer included in this study. Regarding to patients from the 

discovery set, 100% received chemotherapy treatment prior to surgery, most being 

enrolled in clinical trials of the SIOPEL group (Perilongo G, Shafford E, 2000). Mean 

age was of 16 months and 62% presented tumors with an advance PRETEXT stage 

(III or IV). Twenty-nine percent of patients presented with metastasis at diagnosis and 

Figure 14. Workflow followed on the genomic and RNAseq study. 
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42% with vascular invasion. Thirty-nine percent of patients were classified as high risk 

according to the CHIC-HS classification (Meyers et al., 2017). Mean follow-up was of 

36 months and 16% of patients died of cancer. 

 

In relation to the 4 pHCC included in the discovery set, mean age was 201 

months and 1 of them received preoperative chemotherapy treatment. No one 

presented metastasis at diagnosis but 75% had vascular invasion. Mean follow-up 

was of 100.7 months with 1 cancer-related death.  

 

Concerning the validation set, 88% of the patients received chemotherapy 

treatment prior to surgery, most being enrolled in clinical trials of the SIOPEL group 

(Perilongo G, Shafford E, 2000). Mean age was of 21 months and 47% presented 

tumors with an advance PRETEXT stage (III or IV). Seventeen percent of patients 

presented with metastasis at diagnosis and 23% with vascular invasion. Thirty-five 

percent of patients were classified as high risk according to the CHIC-HS 

classification (Meyers et al., 2017). Mean follow-up was of 3.5 months. Expert 

pathologists (L. Guerra, R. Ortega and M. Garrido) reviewed the histology of all the 

tumor specimens.  

 

 

 

 

 

 

 

 

 

 

 

 



Patients, materials and methods 

79 
 

Table 10. Main clinical, pathological and features of the 56 patients included in the genomic 

and RNAseq study. 

 Discovery set Validation set 

 
HB 

(n=31) 

pHCC 

(n=5) 

HB 

(n=21) 

 Age, months (median, [range]) 16 [1-180] 214 [58-320] 21 [1-126] 

 Serum AFP, ng/mL (range) 663-2.186.461 - 300-1.708.400 

 Preoperative chemotherapy (Y/N/NA) 31/0/0 1/4/0 15/2/4 

 Tumor stage    

PRETEXT stage (I/II/III/IV/NA) 2/9/13/5/2 - 0/9/4/4/4 

Metastasis at diagnosis (Y/N/NA) (%Y) 9/21/1 (29%) 1/4/0 (20%) 3/14/4 (17%) 

Vascular Invasion (Y/N/NA) (%Y) 13/17/1 (42%) 3/2/0 (60%) 4/13/4 (23%) 

 Histology    

   - HB: Epithelial/Mixed /NA  12/15/4 - 10/3/8 

   Main component: Fetal/Non-Fetal* 11/16/4 - 11/0/10 

   SCU histology 3 - 2 

- NOS 2 - - 

- Fibrolamellar HCC - 3 - 

 Clinical classification CHIC-HS (VL/L/I/H/NA) 9/6/4/12/NA - 8/3/2/4/4 

 Follow-up, months (mean, [range]) 36 [1-152] 89 [18-106] 35,5 [3,5-120] 

Tumor recurrence (Y/N) (%Y) 15/26 (16%) 3/2 (60%) 0 

Outcome: cancer-related deaths (%) 5 (16%) 1 (20%) 0 

 

*Non-fetal includes: Crowded fetal and embryonal 

NA, non-available; PRETEXT, pretreatment extent of disease; SCU, small cell undifferentiated; 

NOS, hepatocellular malignant neoplasm; VL, very low; L, low; I, intermediate; H, high risk. 

 

3.2.2 RNA Study 

  3.2.2.1 RNA isolation quantification and quality control 

Total RNA from frozen tissue was isolated with the mirVanaTM mirRNA Isolation 

kit (Thermo Fisher Scientific) following manufacturer’s instructions. This protocol is 

useful to isolate RNA molecules from tissues and cells by using a method based on 

a glass fiber filter and allows an enrichment of small molecules of RNA (< 200 nt). 

 

To ensure no RNA degradation occurred during tissue manipulation, tissue 

was not defrosted until lysis buffer addition. To do so, we used a frozen mortar and 

liquid nitrogen was continuously added. Tissue samples were broken until a piece of 
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20-30 mg was obtained and then kept at -80ºC until RNA isolation procedure was 

performed.  

 

Tissue lysis and homogenization was carried out with the Fastprep system and 

the Lysing Matrix type D tubes (MP Biomedicals, Santa Ana, California, USA) that 

enable tissue disruption of difficult samples and performance in cold conditions. 

After adding 600uL of Lysis Buffer, tubes were placed in the Fastprep instrument and 

3 runs of 40sec at 6m/s were done. Samples were kept on ice during instrument 

resting between runs. Then, the homogenate was transferred into a new tube and 

additional 600uL of Lysis Buffer were added to the Lysing Matrix tube and the 3 runs 

repeated, this step allows maximum tissue homogenization and RNA recovery. After 

that, the homogenate was transferred to the same tube than previously. 

 

Once the tissue was completely homogenized, the organic extraction was 

performed by adding 1/10 volumes of miRNA Homogenate Additive and incubating 

on ice for 10 minutes. A volume of Acid-Phenol:Chloroform was added to each 

sample, mixed and centrifuged at 10.000 g for 5 min at RT. After centrifugation, the 

aqueous phase (upper) was transferred into a new tube and 1.25 volumes of 

ethanol 100% at RT were added. The total volume of lysate/ethanol was filtered by 

adding up to 700 µl and centrifuging 15 sec at 10.000 g at RT. The filter was washed 

once adding 700 µl of miRNA Wash Solution 1 twice adding 500 µl of Wash Solution 

2/3 and centrifuged 10 sec at 10.000g. Finally, the RNA elution was performed by 

adding 100 µl of pre-heated (95ºC) nuclease-free water (Thermo Fisher Scientific) to 

the filter, incubating the tubes 1 min at RT and centrifuging 30 sec at 10.000g. 

 

 After RNA elution, DNase digestion was performed to eliminate possible 

contaminating DNA with the DNA-freeTM kit (Thermo Fisher Scientific) following 

manufacturer’s instructions. Briefly, eluted RNA was separated in 2 tubes of 50uL 

each (ideal volume reaction) and 5uL of rDNAse buffer and 1uL or rDNAse I enzyme 

added. RNA samples were incubated for 30 min at 37ºC. After that, 5 µL or rDNAse I 

inactivator reagent was added and mixed by vortex. Samples were incubated 2 

min at RT. Samples were centrifuged 1,5 min at 10000 g and the supernatant was 
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carefully removed without disturbing the pellet and transferred into a new tube (the 

2 tubes of 50 µL  were putted together). 

 

RNA was stored at -80ºC until its use. RNA quantification and contaminant 

analysis was performed by spectrophotometry (Nanodrop ND-2000, Thermo 

Scientific). The A260/280 ratio, which may indicate the presence of protein, should 

be >1.7 and the A260/230 ratio, an indicator of residual phenol, guanidine, 

magnetic beads, carbohydrates or proteins, should be >1.3. 

 

The integrity was checked with the Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, USA). Only samples with good RNA integrity (RNA 

integrity number -RIN- above 7) were subsequently used in sequencing experiments.  

  

 3.2.2.4 RNA sequencing 

RNA sequencing technique and bioinformatics analysis was performed at the 

genomics core facility of the Ichan School of Medicine at Mount Sinai (NY, USA) by 

Dr Nicholas Akers and Dr Bojan Losic in collaboration with Dr Josep Maria Llovet’s 

team. 

 

The RNA-seq analysis was only preformed on HB patients, including tumor, 

non-tumor, recurrences and PDX tissue samples. 

 

RNA-seq was conducted on poly-A enriched RNA, 100 bp single reads on an 

Illumina HiSeq2500 instrument. Raw sequencing reads were mapped to the GRCh37 

reference genome (USCS) using STAR (2.4.2g1). Raw library size differences between 

samples were treated with the weighted trimmed mean method (Robinson and 

Oshlack, 2010). RNA fusions were detected by filtering chimeric STAR alignments 

(see http://starchip.readthedocs.io/en/latest/).  Mapped RNA-seq reads were 

subject to splitting, trimming, local indel realignment, and base-score recalibration 

pre-proessing with the IndelRealigner, TableRecalibration tools from GATK (Piskol, 

Ramaswami and Li, 2013) under the GATK Best Practices for RNA-seq paradigm (The 

http://starchip.readthedocs.io/en/latest/
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GATK Best Practices for variant calling on RNAseq, in full detail, 2014). MuTect 

(Cibulskis et al., 2013) was then used with default settings to quantify somatic 

mutation burden.  

 

 3.2.2.5 Retrotranscription 

 Total RNA (1 µg) was reverse-transcribed using the RNA to cDNA 

EcoDry Premix (double primed) kit (Takara Bio Inc., Shiga, Japan) according to 

manufacturer’s instructions. RNA was diluted in 20 µl of RNase DNase Free water and 

mixed with the lyophilized EcoDry Premix containing SMARTTM MMLV Reverse 

Transcriptase, Random hexamers and oligo(dT)18 primers, MgCl2 (6 mM final 

concentration), BSA, DTT, dNTP Mix, reaction buffer, cryoprotectant and stabilizers. 

Samples were incubated in a thermocycler at 41ºC for 60’, at 70ºC for 10’ with a 

final step of 4ºC (Figure 15).  

                        

 

 

 

 

 3.2.2.6 Droplet Digital PCR (ddPCR) 

ddPCR (Bio-Rad, Hercules, California, USA) system combines water-oil 

emulsion droplet technology with microfluidics. First, ddPCR reactions are prepared 

in a similar manner as real-time PCR reactions that use TaqMan hydrolosis probes 

labeled with FAM and HEX reporter fluorophores. After the mix is prepared, samples 

are placed into a droplet generator, which partitions each sample into 20,000 

nanoliter-sized droplets. In this way, target and background DNA are distributed 

randomly into the droplets. Droplet generation produces uniform in size and volume 

droplets for the samples, enabling precise target quantification. Then, droplets are 

transferred to a 96-well plate and PCR amplification is carried out within each 

droplet using a thermal cycler. Following PCR, droplets are streamed in a single file 

on a droplet reader, which analyzes each droplet individually using a two-color 

42ºC 

70ºC 

4ºC 60’ 

10’ 

∞ 

Figure 15. Temperature scheme for retrotranscritption using the RNA to cDNA EcoDry Premix 

(double primed) kit (Takara Bio Inc., Shiga, Japan). 
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detection system to detect FAM and HEX. Positive droplets, which contain at least 

one copy of the target DNA molecule, exhibit increased fluorescence compared to 

negative droplets.  

 

In order to quantify the level of BLCAP nt5 editing in different RNA samples a 

Rare Mutation Detection (RMD) experiment was performed. RMD method is useful 

when a biomarker exists within a background of highly abundant counterpart that 

differs by only a single nucleotide. In this assay, a single primer pair and 2 probes 

labeled with FAM (unknown, nt5 edited) and HEX (reference, nt5 wt) are used. 

 

Briefly, RNA from T, NT, R, PDX and cell lines was isolated and reverse-

transcribed as previously described (see sections 3.2.2.1 and 3.2.2.5) cDNA was 

diluted 1/25 and for each sample, 8,8 µl of cDNA were mixed with 1,1 µl of FAM-

labeled probe, 1,1 µl of HEX-labeled probe and 11 µl of Super Mix. Then 20 µl of the 

mixture transferred in the assigned wells of the cartridge as well as 70 µl of oil. After 

that, droplets were generated using the QX200 droplet generator and 40 µl were 

transferred to a 96-well plate. Once all the droplets were generated and transferred 

to the plate, it was sealed and a PCR was performed (see conditions in Figure 16  

and primers/probes used in Table 11). After PCR amplification, droplets fluorescence 

was read with the QX200 reader.  

 

 

 

 

 

 

 

 

 

 

 

 

10’ 

95ºC 

55ºC 
94ºC 

30’’ 

98ºC 

1’ 

10’ 

40 cycles 

4ºC 

∞ 

Figure 16. Temperature scheme used for ddPCR. 
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Table 11. Primers and probes used for ddPCR. 

Primer/probe Sequence 5’-3’ 

Forward Primer CTTGGTGAAGGCCCTG 

Reverse Primer CTGCCCGTCCTCCT 

Wt nt5 probe (HEX) ATCATGTaTTGCCTCCAGT 

Edited nt5 probe (FAM) TCATGTgTTGCCTCCAG 

 

ddPCR data was analyzed with the QuantaSoftTM software and the fractional 

abundance (FA) of the edited nt5 of BLCAP was automatically calculated (FA= 

a/a+b, where a=HEX and b=FAM). 

 

3.2.3 DNA Study 

  3.2.3.1 DNA isolation and quantification 

Total DNA from frozen tissue and PBLs was isolated with the MagMAX™ DNA 

Multi-Sample Kit (Thermo Fisher Scientific) following manufacturer’s instructions. This 

protocol uses MagMAXTM magnetic bead-based nucleic acid isolation technology 

to produce high yields of purified DNA, free from inhibitors that may affect 

downstream reactions. 

 

For PBLs, The cellular phase was transferred into a fresh tube and 2 volumes 

of Erythrocytes Lysis Buffer (ELB) were added, samples were incubated RT for 30 

minutes in the roller and centrifuged at 2000 rpm for 10 min. The pellet was 

resuspended with ELB, incubated 3’ at RT and centrifuged at 3000 rpm for 5 minutes. 

The PBLs were aliquoted and stored at -80ºC until its use. 

 

Frozen tissue was defrosted and disaggregated using a scalpel. Sample 

homogenization was performed by adding 184 µL of PK Buffer and 16 µL of 

proteinase K to the defrosted tissue or the PBL sample. Once the samples was 

completely homogenized, 200 µL of Multi-sample DNA Lysis Buffer was added to 

each sample and mixed properly. Then, 300 µL of 100% Isopropanol was added and 

the tubes were shaken for 3’ at speed 2 on a vortex adaptor. Then, 40 µL of DNA 
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binding beads at 4 mg/mL were added and tubes were shaken for 3’ at speed 2. 

After that, tubes were placed in the magnetic stand for 5’ or longer times to allow 

the beads to pellet against the magnet. Then, samples were washed using 300 µL of 

Wash Solution 1 and 300 µL of Wash Solution 2. After washing, the supernatant was 

discarded without disturbing the beads. The tubes were left uncapped to allow 

them to air-dry for 3’ on the magnetic stand. Then, tubes were removed from the 

magnetic stand and 100 µL of RNase were added and tubes shaken 2’ at speed 2 

on the vortex adaptor. After RNase digestion, samples were washed again with the 

Wash Solution 2 and tubes were air-dried uncapped for 3’. DNA was eluted by 

adding 200 µL of DNA Elution Buffer 1, mixing the samples by vortex and incubating 

them 5’ at 70ºC. After the incubation, tubes were shaken for 5’ at speed 2 on the 

vortex adaptor. Then, 200 µL of DNA Elution Buffer 2 was added and tubes were 

shaken by vortex until resuspended. After that, the tubes were placed in the magnet 

stand until the solution was clear and the eluted DNA was transferred to a new tube. 

 

DNA quantification and contaminant analysis was performed by 

spectrophotometry (Nanodrop ND-2000, Thermo Fisher Scientific) and was stored at 

-20ºC until use. DNA integrity was assessed by running it in a 1% agarose gel. DNA 

fragments had to be bigger than 500bp. 

 

Only DNA samples meeting the above mentioned criteria were subsequently 

used in microarray and experiments.  

 

Cytoscan HD array was performed by Dr Mar Mallo from the Affymetrix Array 

Platform in the Institut Contra la Leucèmia Josep Carreras under the supervision of 

Dr Francesc Solé. 

 3.2.3.3 Cytoscan HD Array 

The Cytoscan HD (Affymetrix, Thermo Fisher Scientific) array is a cytogenetic 

and copy number array useful to analyze DNA gains and losses (CNVs) as well as 

LOH in the whole genome in a single determination. Detection is performed thanks 

to numerous probes targeting the genome and differently from the Comparative 
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Genomic Hybridization (CGH), this arrays also contain probes detecting single 

nucleotide polymorphisms (SNPs) that allow the detection of LOH. 

 

The Cytoscan HD array contain 2,6 millions of probes, from which 750.000 are 

detecting SNPs. 

 

Cytoscan HD array was performed by following manufacturer’s instruction 

(CytoscanTM Assay User Manual, P/N 703038 Rev. 3) by using 250ng of DNA (5µL at 

≥50ng/µL). Briefly, DNA samples were digested by using the restriction enzyme Nspl 

and then ligated by enzymatic reaction including the adaptors to DNA generated 

fragments. After that, the PCR amplification was carried out with a unique primer 

targeting to the adaptors. PCR product was assessed by 2% agarose gel and it had 

to be 150bp-2000bp and quantified by spectrophotometry using the Nanodrop ND-

2000 (Thermo Fisher Scientific). Then, the PCR product was fragmented again by 

enzymatic reaction and generated fragments were assessed in a high resolution 

agarose gel (3-4%) with an expected size of between 25 and 125bp. Fragments 

were labeled with biotin and denaturalized previously to the hybridization to the 

microarray performed during 16-18ºC in the hybridization oven with rotation. After 

this step, the microarray was placed on the fluidics station for the washing step. 

Immediately after the washing, the microarray was stained with streptavidin-

ficoeritrin which binds to the biotin. The staining process included a signal 

amplification step in which an anti-streptavidin and anti-IgG conjugated to biotin 

antibodies. Lastly, the microarray was scanned with a laser detecting fluorescence. 

The signal distribution pattern was recorded in .DAT and .CEL files. The .CEL file was 

used to generate a .CYCHP file which was used for the analysis by using the 

Chromosome Analysis Suit (ChAS) software. 

 

From the 3 quality parameters included in the ChAS software (snpQC >15; 

mapPD ≤0.25; waviness ≤0.12), samples had to pass the mapPD restriction to be 

included in the final analysis. The obtained data was manually curated in order to 

remove false annotated CNVs or LOH by filtering by number of probes>25 and 

size>50kb for CNVs and >2Mb or >25Mb for telomere and interstitial LOH respectively. 
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Integrative Genome Viewer was used to visualize CNV and LOH data and 

to calculate frequencies. 

 

 3.2.3.4 PCR  

To confirm the mutations and fusion proteins events identified by RNAseq, 

conventional PCR was performed using the PCR Master Mix 2X (Thermo Fisher 

Scientific) containing 0.05 U/µL Taq DNA polymerase, reaction buffer, 4 mM MgCl2, 

0.4 mM of each dNTP (dATP, dCTP, dGTP and dTTP). 

 

Two µL of diluted DNA or cDNA was mixed with 12,5µL of PCR Master Mix(2X), 

0,5µL of 10µM Forward primer, 0,5µL of 10µM Reverse primer and 9,5µL of RNase 

DNase free water. Conditions of the PCR amplification are shown in Figure 17. After 

the reaction, PCR product was run in a 2% agarose gel. All the primers used are listed 

in Table 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2’ 

95ºC 
XºC 

95ºC 

30’’ 
72ºC 

30’’ 
2’ 

40 cycles 

72ºC 

10’ 

Figure 17. PCR temperature conditions. X, annealing 

temperature depends on the primer pair used, see 

table 12. 
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Table 12. Primers used for conventional PCR. 

Gene/Event 

Product 

Length 

(bp) 

Melting 

Temp. 

(ºC) 

Primer location Sequences (5’-3’) 

AUH-

genomic 

300 58 Exon 10 F: TTTATAGCGAGGGGGCCTTT 

R: GGGGGCTTTCTCTAGCCTGT 

BLCAP 
653 58 Exon 2 F: AGGGTTGAAGAAAGCGGAGG 

R: AGTAATGAGGCGAGAGGGGT 

CTNNB1 

517 

 

1043 

208 

55 

 

55 

55 

Exon 1-4 

 

Exon 1-6 

Exon 1-3 

F1: GCGTGGACAATGGCTACTCAAG 

R1: TATTAACCACCACCTGGTCCTC 

R21: TTCAGCACTCTGCTTGTGGTCC 

R32: CCCACTCATACAGGACTTGGGAGG 

DNAJC15-

TPT1 

200 58 Exon 6 

Exon 4 

F: GTGTGGTCCTTAAGCATCAATGT 

R: GGGAAACTTGAAGAACAGAGACC 

EPHB4 

414 

 

 

680 

62 

 

 

62 

Intron (exon 5/6) 

 

Intron (exon 

10/12) 

F: TCTGCCTGACTCCCTGGTCTC 

R: CTCAGTGACATCTCTCCCGCC 

F: GGACATGGTGGGTTGCCCT 

R: ACCTCGCCAAACTCACCTTC 

NFE2L2 
502 62 Intron (exon 2/3) F: CGTGTAGCCGATTACCGAGT 

R: GACTGGGCTCTCGATGTGAC 

TERF2-

genomic 

300 58 Exon 2-4 F: CCACTGGAATCAGCTATCAATG 

R: AAGATGAGAAAAGGGGATTAGAAC 

TERT 

200 58 Promoter F: CAGCGCTGCCTGAAACTC 

R: GTCCTGCCCCTTCACCTT 

TMEM163-

SLC25A16 

200 58 Intron  

UTR3P 

F: TAAGCCGTATCAAACAGTCCATGA 

R: TTCGCTGTATTCCCTCTCAAGC 

1Reverse primer to be used with F1, as already published (Cairo et al, 2008)  
2Primer used for PCR product sequencing. Abbreviations: F, forward; R, reverse.  

 

 3.2.3.5 Quantitative real Time PCR (qRT-PCR) 

Concisely, RNA was obtained and reverse-transcribed following the previous 

description (see sections 3.2.2.1 and 3.2.2.5). cDNA samples were diluted 1/50 with 

Molecular Biology Grade Water (Applichem) and 5µL of diluted cDNA were mixed 

with 5µL of  SYBR® Select Master Mix (Applied Biosystems-Thermo Fisher Scientific) 

together with 10µL of specific primers. The SYBR® Select Master Mix contains SYBR® 

GreenERTM Dye, AmpliTaq® DNA polymerase, Heat-labile Uracile-DNA Glycosylase 

(UDG), ROXTM dye Passive Reference, dNTP blend containing dUTP/dTTP and 

optimized buffer components. Expression levels were determined in triplicate using 
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a 7900HT Fast Real-Time PCR System (Applied Biosystems-Thermo Fisher Scientific) in 

a 384-well plate. qRT-PCR conditions are shown in Figure 18. All the primer pairs used 

are listed in Table 13. 

 

 

 

 

 

 

 The expression of the different genes of interest (GOI) was calculated using 

the expression levels of RHOT2 gene as a reference, applying the Delta Ct method 

as follows: 

∆Ct=Ct GOI – Ct RHOT2 

Gene expression = 2^-∆Ct 

To confirm the specificity of the reaction, melting curves were carried out 

during the same qRT-PCR reaction and only primers with a single peak were 

considered. 

 

Table 13. Primers used for qRT-PCR. *Housekeeping gene 

Gene Forward primer (5- 3’) Reverse primer (5`- 3’) 

ADAR1 CCATCAGCGGGCTGTTAGAA GGGAAACTCTCGGCCATTGA 

ADAR2 GCGTTGTACTGTCGCTGGAT ATGAAGGCTGTGAACAGACGC 

BLCAP CTCCTGGAACGGAAGCCTTG GGAGCAGTGGTACAGGAAACA 

DLK1 AGGATGACAATGTTTGCAGGTG TCTCTATCACAGAGCTCCCCGT 

LGR5 CCCTGTGAACACCTGCTTGA GCATGTTCACTGCTGCGATG 

RHOT2* CTGCGGACTATCTCTCCCCTC AAAAGGCTTTGCAGCTCCAC 

 

Gene expression was also assessed by Human Transcriptome Array 2.0 (Affymetrix) 

(data is not included in this thesis). 

 

 

2’ 
50ºC 

95ºC 
58ºC 

2’ 

95ºC 

15’’ 
72ºC 

15’’ 
1’ 

40 cycles 

Figure 18. Temperature scheme for qRT-PCR. 
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 3.2.3.6 Sanger Sequencing 

 

Sanger sequencing was used to characterize CTNNB1 gene status and to 

confirm the mutations and fusion proteins found by RNA sequencing. The kit used 

was BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific). 

 

First, 5µL of PCR product were incubated with 2µL illustra ExoProStar 1-Step 

(GE Healthcare Life Sciences) for 45min at 37ºC and 15min at 80ºC. This reagent 

contains a mix of illustra Alkaline Phosphatase and Exonuclease A to remove 

unincorporated primers and nucleotides form the amplification reaction before 

sequencing. After purification, 2µL of purified PCR product were mixed with 2µL of 

BigDye Buffer, 1µL of BigDye, 1,6µL of 1µM primer and 3,4µL of DNase RNase free 

water. Sequencing reaction temperature scheme is shown in Figure 19. 

 

 

 

 

  

 

Finally, sequences were run in a Genetic Analyzer ABI 3130 using the Data 

Collection v3.0 software and analyzed with the Sequencing Analysis v5.3.1 

package. 

 

3.2.4. Statistical analysis 

All statistical methods used for this project are detailed in section 3.1.3.3. 

Statistical analysis. 

For the Small Overlapping Regions of Imbalance (SORIs) analysis an algorithm 

was made using R and Rcpp package (Eddelbuettel, 2013) in order to detect 

common alterations of the type gain, loss, and loss of heterozygosity (LOH) in 

different samples. As a result, intersections with altered regions present in at least 

Figure 19. Temperature scheme for Sanger sequencing. 
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two samples were annotated.  A table was constructed with the intersections and 

the state of each sample in that region defined as gain, loss, LOH or no altered. In 

order to find a relationship between the states of these altered regions and the 

reported clinical variables for each sample, a Fisher's exact test was used. FDR 

Adjusted p-values were obtained for each comparison. To find a possible interaction 

between intersected regions, Fisher's exact test was applied again comparing 

sample states of those regions. 
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4.1 Establishment of a collection of biological samples from pediatric patients with 

liver cancer and healthy individuals. 
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We have created a collection of highly annotated biological samples of 

childhood liver cancer registered at the Instituto de Salud Carlos III (ISCIII, ref 

C.0000226). 

Overall, samples from 66 patients have been prospectively collected since 

2009 (mean of 8 patients per year) including 51 HB, 6 pHCC, 4 hamartomas and 1 

of each of cholangiocarcinoma, sarcoma, benign vascular tumor, rhabdoid tumor 

and liver with tyrosinemia. These patients have been treated in 14 different hospitals 

within Spain, mainly in Hospital Universitario La Paz (n=25) and Hospital Universitari  

Vall d’Hebron (n=18) (Figure 20). 

Retrospective samples from 163 patients have been obtained thanks to 

national and international collaborations with Hospital La Paz (38 patients), Dr. Marie 

Annick Buendia (32 patients), the SIOPEL group (26 patients), Hong Kong Hospital 

(21 patients), Bicêtre Hospital (14 patients), Dr. Stefano Cairo (11 patients), Vall 

d’Hebron Hospital (10 patients), Virgen Del Rocío Hospital (8 patients) and Reina 

Sofía Hospital (3 patients). Complete clinical data was obtained from almost all 

cases. 

Additionally, 12 PDX samples have been obtained thanks to a collaboration 

with Dr. Stefano Cairo from Xentech. 
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Figure 20. Prospective collected samples since 2009. Bar graph represents the number of 

patients diagnosed and enrolled per year in Spain (A). Plot of the different hospitals of origin of 

the samples (B). Different tumor types from which samples have been collected (C). Pie graph 

legends are listed from bigger to lower. 
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4.2. Proteomic study 
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4.2.1 Proteomic profile of HB 

With the aim to define the proteome of the HB and identify putative 

prognostic factors at protein level as well main deregulated pathways, we 

performed the first comprehensive proteomic study on tissue samples obtained from 

HB patients. To accomplish this, 16 clinical, pathological and molecular annotated 

tumors (see clinical and pathological features in Table 7) as well as 8 non tumor liver 

tissues were studied by two high-throughput techniques of quantitative proteomics: 

two-dimensional difference gel electrophoresis (2D-DIGE) and Label-free LC-MS (LF).   

 

The unsupervised analysis of 2D-DIGE data revealed two main hierarchical 

clusters of tumor and non-tumor samples (Fisher’s Exact test, p=0.0013, Figure 21A). 

The cluster of tumors was in turn subdivided in 2 groups strongly associated with the 

previously defined C1/C2 classification (Cairo et al., 2008) (Fisher’s Exact test, 

p=0.0151) as one of the tumor clusters was composed exclusively with C1-tumors 

(100% of the samples were classified as C1) whereas the second cluster mainly 

included C2-tumors (80% of the samples). The experimental replicates of 3 different 

samples (HB48, HB49 and HB59) resulted in similar protein profiles, indicating high 

robustness of 2D-DIGE proteomic data (Figure 21A). Then, we selected 8 tumor and 

4 non-tumor samples for LF analysis. The unsupervised study of the LF proteomic data 

showed again the 3 different groups of samples: non-tumor, C1 and C2 tumors 

(Figure 21B). It is worthy to highlight that 3 of the tumor samples were “wrongly-

grouped” in the 2D-DIGE cluster. The fact that 2 C1 tumors clustered with NT samples 

may be explained by the low tumor cell content present in these tissue samples, 

while the C1 tumor located in the C2 cluster could be explained by the fact that 

some tumors are difficult to classify using the 16-gene signature, as they present a 

mixed gene and protein expression profiles. Thus, the “pure” samples were selected 

for the LF analysis, which is reflected in the unsupervised cluster.  
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In order to identify the deregulated proteins in HB, we compared the 

proteomic profiles of tumor and non-tumor samples. The 2 tumor samples that 

shared part of their protein profiling with the non-tumor samples were excluded of 

this analysis. The supervised analysis comparing T vs. NT revealed a total of 231 

differentially expressed proteins (p<0.05 and FC±1.5); among them, 25 proteins were 

identified by 2D-DIGE, 178 proteins by LF and 28 were identified by both techniques.  

The two approaches were highly complementary since only 12% of the proteins 

were identified with the two proteomic techniques (fold change obtained by both 

techniques for common proteins is shown in Table 14). An important source of 

variability is the fact that not all the samples have been analyzed by LF, as only 4 

samples of each group (NT, C1 and C2) were analyzed with this technique. 

 

 

Figure 21. Hierarchical cluster analysis of the proteomic data. Representative unsupervised 

hierarchical clustering (Pearson distance; Linkage method: Complete) of protein expression 

profiles obtained from 277 DIGE spots corresponding to the top 50% highest coefficient of 

variation (CV) spots of 16 HBs and 8 non tumor samples (A). Representative unsupervised 

hierarchical clustering of protein expression profiles obtained from 390 LF proteins (50% CV) 

of 8 HBs and 4 non tumor samples (B).  Abbreviations: T, tumor; NT, non-tumor (white squares); 

R, experimental replicate. Tumor samples were classified according to the 16-gene signature 

(Cairo et al., 2008) as C1 and C2 (green and red squares, respectively). Black boxes in the 

rows above the heat maps indicate (from top to bottom): dead of the disease, metastasis 

at diagnosis, and non-fetal histotype.  
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Table 14. Proteins identified both by DIGE and LF. FC, fold change. For DIGE, if a protein have 

been identified in more than 1 spot, the range is shown and the number of spots in which 

the protein have been identified. Grey indicate discordant results. 

PROTEIN FC DIGE (N. spots) FC LF 

GPDA 0.4 0.2 

ACTB 1.6-1.9 (5) 0.2 

EST1 0.4 0.2 

FTCD 0.40 (2) 0.2 

ACDSB 0.6-0.7 (2) 0.2 

GRP75 1.6 0.3 

CNDP2 0.5 0.3 

ALDH2 0.4-0.5 (3) 0.3 

AL1A1 0.6 0.4 

ECHM 0.5 0.4 

ANXA5 1.8-2 (2) 2.3 

CATD 1.6 2.4 

ENOA 0.6-0.7 (2) 2.5 

HSP7C 1.6-1.9 (2) 2.6 

APOA1 2.0 2.7 

CATB 1.8 2.9 

A1AT 1.8 3.0 

HS90B 2.1 3.0 

HS90A 1.9 3.3 

GELS 3.3 3.4 

HSP71 2.2 3.6 

ALBU 1.8-2.9 (10) 3.7 

1433Z 2.3 3.8 

LMNB1 2.4 4.0 

VIME 1.8-4.1 (6) 4.1 

HBB 1.9-3.6 (3) 5.0 

GSTP1 2.1 6.2 

CH60 1.6 7.4 

 

Three of the proteins identified by both techniques –ACTB, GRP75 and ENOA- 

showed discordances between both techniques, probably because of different 

isoforms and were excluded from further analysis. In total, 127 proteins were found 

to be up- and 101 proteins down-regulated in HB tumor as compared to non-tumor 

tissues. Top differently expressed proteins in HB are listed in Table 15.  
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Table 15. Top deregulated proteins in HB. T/NT, T vs. NT is fold change; Criteria: LF p-value<0.0005; DIGE 

p-value<0.001; (*) When a protein was found by both techniques, LF FC was chosen. Abbreviations:  

Tech, Technique; Ref, References related to cancer. 

Tech. Gene  Gene Description T/NT Ref. 

Up-regulated proteins in HB 

2DE 

VIM Vimentin 4,1 

(O’Brien, 

Finlay and 

Gilbert-

Barness, 

1989) 

HBB Hemoglobin, beta 3,6 
(Khan et al., 

2013) 

ENO2 Enolase 2 (gamma, neuronal) 2,7 
(T. Zhang et 

al., 2013) 

KRT6A Keratin 6A 2,6  

LMNB1 Lamin B1 2,4 
(Sun et al., 

2010) 

HDGF 
Hepatoma-derived growth factor (high-mobility group 

protein 1-like) 
2,2 

(Yoshida et 

al., 2006; 

Tsang et al., 

2009) 

UBA5 Ubiquitin-activating enzyme E1-domain containing 1 2,1  

COL6A1 Collagen, type VI, alpha 1 2,1  

HSPA8 Heat shock 70kDa protein 8 1,9 
(Yang et al., 

2015) 

SERPINA1 
Serpin peptidase inhibitor, clade A (alpha-1 

antiproteinase, antitrypsin), member 1 
1,8 

(Qin et al., 

2013) 

YWHAG  
Tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, gamma polypeptide 
1,7 

(T. Liu et al., 

2013) 

TUB5 Tubulin, beta 1,6  

LF 

FBLN1 Fibulin 1 20,8 
(Kanda et al., 

2011) 

FLNA Filamin A, alpha (actin binding protein 280) 10,59 
(Ai et al., 

2011) 

RAN  RAN, member RAS oncogene family 5,3 
(Lu et al., 

2013) 

ITGB1  
Integrin, beta 1 (fibronectin receptor, beta polypeptide, 

antigen CD29 includes MDF2, MSK12) 
5,2 

(Ishikawa et 

al., 2011; Zha 

et al., 2014) 

YWHAQ 
Tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, theta polypeptide 
4,2  

YWHAZ*  
Tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, zeta polypeptide 
3,8 

(Huang et al., 

no date; Liu 

et al., 2014) 

CLIC1 Chloride intracellular channel 1 3,2 

(R. Li et al., 

2012; Megger 

et al., 2013; S. 

Zhang et al., 

2013; Wei et 

al., 2015) 
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Tech. Gene  Gene Description T/NT Ref. 

Down-regulated proteins in HB 

2DE 

ECHS1  
Enoyl Coenzyme A hydratase, short chain, 1, 

mitochondrial 
-2,1 

(Hu et al., 

2004) 

ALDH2 Aldehyde dehydrogenase 2 family (mitochondrial) -2,5 
(Cairo et 

al., 2008) 

SELENBP1 Selenium binding protein 1 -2,9 

(Raucci et 

al., 2011; 

Stasio et al., 

2011; Rusolo 

et al., 2013) 

LF 

 

CYB5A Cytochrome b5 type A (microsomal) -3,3 
Khan et al., 

2013) 

HSD17B10 Hydroxysteroid (17-beta) dehydrogenase 10 -4,3  

PRDX4 Peroxiredoxin 4 -4,5  

FTCD* Formiminotransferase cyclodeaminase -4,6 
(Yu et al., 

2014) 

UGP2 UDP-glucose pyrophosphorylase 2 -4,8 
(Tan et al., 

2014) 

ASS1 Argininosuccinate synthetase 1 -6,4 
(Tan et al., 

2014) 

FBP1 Fructose-1,6-bisphosphatase 1 -6,5 
(Chen et 

al., 2011) 

HRSP12 Heat-responsive protein 12 -7,9 
(Chong et 

al., 2008) 

ALDOB Aldolase B, fructose-bisphosphate -10,1 
(Peng et al., 

2008) 

BHMT Betaine-homocysteine methyltransferase -10,5 

(Megger et 

al., 2013; 

Review, 

2013) 

GNMT Glycine N-methyltransferase -12,7 
(Liu et al., 

2003) 

ENO3 Enolase 3 (beta, muscle) -13,9  

AKR7A3 
Aldo-keto reductase family 7, member A3 (aflatoxin 

aldehyde reductase) 
-30,5 

(Albrethsen 

et al., 2011) 
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The Ingenuity Pathway Analysis by using the list of proteins significantly 

deregulated in tumors (n=228; p<0.05; FC±1.5) revealed an activation of the 

PI3K/Akt, integrin, ILK, Rho and PAK signaling as well as an inactivation of HIPPO 

signaling pathway (Figure 22). Proteins identified by DIGE and/or LF as deregulated 

in HB vs NT and involved in the deregulated pathways according to IPA analysis are 

listed in Table 16.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22.  Top deregulated pathways in HB vs. NT according to the IPA analysis. Grey 

bars represent the activation z-score (z-score ≥ ±2) and * represent the log p-value (log 

p-value >2). 
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Table 16. Deregulated proteins in HB involved in the top deregulated pathways identified 

by IPA. 

Protein Hippo PI3K/Akt Integrin ILK RhoA PAK 
HB vs 

NL FC 
Loc. Type(s) 

YWHAB x x     2,8 C 
transcription 

regulator 

YWHAE x x     2,7 C other 

YWHAG x x     1,7 C other 

YWHAQ x x     4,2 C other 

YWHAZ x x     3,8 C enzyme 

ITGB1  x x x  x 5,2 PM 
transmembrane 

receptor 

HSP90AA1  x     3,3 C enzyme 

HSP90AB1  x     3,1 C enzyme 

HSP90B1  x     1,6 C other 

SKP1 x      4,1 N 
transcription 

regulator 

CFL1    x x x 5,3 N other 

MYL6    x x x 2,8 C other 

FLNA    x   10,6 C other 

FN1    x   4,7 ES enzyme 

MYH9    x   3,5 C enzyme 

VIM    x   4,1 C other 

MYL9   x x x x 5,0 C other 

MYL12A   x  x x 1,9 C other 

ACTA2   x x x  8,4 C other 

ACTN4   x x   2,5 
C transcription 

regulator 

CAPNS1   x    2,3 C peptidase 

CTTN   x    4,3 PM other 
Abbreviations: Loc, location; C, cytoplasm; PM, plasma membrane; N, nucleus; ES, 

extracellular space. 

 

From the top deregulated pathways, PI3K/Akt and Hippo were selected for 

validation by WB (Figure 23). Total Akt was under expressed in HB vs NT (t-test 

p=0.0106) and was even more repressed in aggressive C2 tumors (t-test p=0.0009). 

In contrast, phosphorylation of Akt at Ser473 was higher in HB vs NT (, t-test p=0.0228). 

Regarding Hippo pathway, total YAP was overexpressed in HB vs NT (t-test p=0.0015). 

The overexpression of YAP is higher in C2 tumors than in C1 vs NT (t-test p=0.0428 and 

p=0.0153, respectively). Phosphorylation of YAP at Ser127 is higher in HB than in NT (t-

test p=0.0256). 
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Figure 23. Validation of the top deregulated pathways Akt and Hippo by WB using specific 

antibodies and tubulin as a loading control in 9NL and 19HB (13C1 and 6C2). Representative 

WB images of a single experiment and quantification of the WB results for Akt (A). 

Representative WB images of a single experiment and quantification of the WB results for 

Yap (B). 
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4.2.2 Deregulated proteins in aggressive HB tumors 

 

In an attempt to identify proteins deregulated in aggressive tumors, we 

performed a supervised analysis by comparing the proteomic profiles of the two 

prognostic subtypes (C1 and C2) previously reported. By using the two different 

proteomic approaches, we were able to detect 230 differentially expressed proteins 

between C2 and C1 (FC+1.5, p<0.05), 108 down and 124 upregulated. Among 

them, 20 (9%) were identified by 2D-DIGE, 216 (94%) by LF and 6 (3%) in both 

techniques. Overall, 2 proteins showed discordant results between both techniques, 

GRP75 which was found as down-regulated in C2 vs C1 (FC=-1.61, p-value= 0.0027) 

by DIGE and up-regulated by LF (FC=3.70, p-value= 0.01). Proteins with discordant 

results were excluded of further analysis. The second discordant protein was ALB, 

which was identified as overexpressed by LF as well as in 10 out of 11 spots by DIGE 

but in an additional spot it was found to be downregulated. Common identified 

proteins were CO6A1 (FC LF= -12; FC DIGE = -2, mean of 3 spots), ENOA (FC LF= 2.8; 

FC DIGE = 1.7), HDGF (FC LF= 3; FC DIGE = 1.6) and ACTB (FC LF= -7,4; FC DIGE = -

1.8, mean of 5 spots). The top deregulated proteins differently expressed in the 2 HB 

subclasses identified by the two techniques are summarized in Table 17.   
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Table 17. Top deregulated proteins in aggressive C2 tumors. Criteria: p-value<0.0005 in all 

comparisons except for C1 or C2 vs NL DIGE data (p-value<0.001); Proteins identified by both 

techniques. Abbreviations:  Tech =Technique; FC = Fold Change; NL= Normal Liver; Ref = 

References related to liver cancer; Bold indicates proteins selected for WB validation. 

 
Tech Gene  Gene description C2/C1 Ref 

Up-regulated proteins in aggressive C2 tumors 

2DE 

TMPRSS13 Transmembraneprotease, serine 13 3.54 

(Hashimot

o et al., 

2010) 

HSP90AB1 
Heat shock protein 90kDa alpha (cytosolic), class 

B member 1 
1.83  

HSP90AA1 
Heat shock protein 90kDa alpha (cytosolic), class 

A member 1 
1.65 

(Negroni 

et al., 

2014) 

HDGF  
Hepatoma-derivedgrowth factor (high-

mobilitygroupprotein 1-like) 
1.56 

(Yoshida 

et al., 

2006; 

Tsang et 

al., 2009) 

LF 

NCL Nucleolin 8.87 
(Chen et 

al., 2015) 

NPM1 
Nucleophosmin (nucleolarphosphoprotein B23, 

numatrin) 
6.99 

(Cairo et 

al., 2008) 

C1QBP 
Complementcomponent 1, q 

subcomponentbindingprotein 
6.40  

SSB Sjogrensyndromeantigen B (autoantigen La) 6.39  

CKAP4 Cytoskeleton-associatedprotein 4 5.47 

(Li, Liu, et 

al., 2014; 

Li, Tang, et 

al., 2014) 

EIF5AL1 Eukaryotictranslationinitiation factor 5A-like 1 4.93  

SFPQ 
Splicing factor proline/glutamine-rich 

(polypyrimidinetractbindingproteinassociated) 
4.31  

FKBP1A  FK506 bindingprotein 1A, 12kDa 3.83  

HNRNPM Heterogeneous nuclear ribonucleoprotein M 3.11  

P4HB 

Procollagen-proline, 2-oxoglutarate 4-

dioxygenase (proline 4-hydroxylase), beta 

polypeptide 

3.11 

(Negroni 

et al., 

2014) 

SOD2 Superoxidedismutase 2, mitochondrial 2.99  

HSPA8 Heat shock 70kDa protein 8 2.82 
(Yang et 

al., 2015) 

SERPINA1 
Serpinpeptidaseinhibitor, clade A (alpha-1 

antiproteinase, antitrypsin), member 1 
2.53 

(Qin et al., 

2013) 
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Tech Gene  Gene description C2/C1 Ref 

Down-regulated proteins in aggressive C2 tumors 

2DE 

ACTB  Actin, beta -2.18 

(Waxman 

and 

Wurmbac

h, 2007) 

ALB Albumin -3.35  

TXNL1 Thioredoxin-like 1 -6.96  

LF 

GRHPR Glyoxylatereductase/hydroxypyruvatereductase -3.94 
(Pan et al., 

2013) 

LAP3 Leucineaminopeptidase 3 -5.33 
(Tian et al., 

2014) 

ADH1A 
Alcohol dehydrogenase 1A (class I), 

alphapolypeptide 
-5.35 

(Dannenb

erg et al., 

2006) 

GGT5 Gamma-glutamyltransferase 5 -6.61  

BDH1 3-hydroxybutyrate dehydrogenase, type 1 -6.85  

IDH2 
Isocitratedehydrogenase 2 (NADP+), 

mitochondrial 
-7.21 

(Sia et al., 

2013; 

Zhang et 

al., 2014) 

ALDH2 Aldehydedehydrogenase 2 family (mitochondrial) -7.68 
(Cairo et 

al., 2008) 

PYGL  
Phosphorylase, glycogen; liver (Hersdisease, 

glycogenstoragediseasetype VI) 
-7.82  

COL6A2 Collagen, type VI, alpha 2 -8.21 
(Lai et al., 

2011) 

COL6A3 Collagen, type VI, alpha 3 -10.00 
(Lai et al., 

2011) 

CRYL1 Crystallin, lambda 1 -11.04 

(Patil et 

al., 2005; 

Cheng et 

al., 2010) 

COL6A1 Collagen, type VI, alpha 1 -12.13  

ADH1B 
Alcohol dehydrogenase 1B (class I), beta 

polypeptide 
-14.09 

(Dannenb

erg et al., 

2006) 

DPT Dermatopontin -24.44 
(Li et al., 

2009) 

GLUL 
Glutamate-ammonia ligase 

(glutaminesynthetase) 
-28.30 

(López-

Terrada et 

al., 2009) 

FBN1 Fibrillin 1 -32.05  

DPT Dermatopontin -24.44 
(Li et al., 

2009) 

GLUL 
Glutamate-ammonia ligase 

(glutaminesynthetase) 
-28.30 

(López-

Terrada et 

al., 2009) 

FBN1 Fibrillin 1 -32.05  
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The Ingenuity Pathway Analysis including the top deregulated proteins in C2 

vs C1 tumors (n=229; p<0.05; FC±1.5), revealed a strong over-activation of the 

eukaryotic initiation factor-2 (EIF2) signaling pathway (Activation z-score=2; p-

value=1.22 10-6) in the aggressive C2 tumors. No other significant pathways were 

found with the selected criteria. Proteins from the EIF2 pathway identified as 

deregulated in C2 vs C1 comparison are listed in Table 18. 

Table 18. Deregulated proteins in C2 tumors involved in EIF2 signaling pathway. 

Symbol C2 vs C1 FC Location Type(s) 

RPS16 5,55 C other 

RPS21 5,28 C other 

RPS12 4,11 C other 

RPL5 4,03 C other 

RPS28 3,82 C other 

RPLP2 3,79 C other 

RPL23A 3,62 O other 

RPL12 3,44 N other 

RPSA 2,59 C translation regulator 

RPS27A 2,55 C other 

RPS3A 2,46 N other 

EIF3B 1,73 C translation regulator 

EIF3H 1,72 C other 

EIF3I 1,72 C translation regulator 

RPL8 1,72 O other 

RPL10A 1,67 N other 

RPL36 1,66 C other 

EIF2S2 1,66 C translation regulator 

RPL22 1,66 N other 

PPP1CC 1,59 N phosphatase 

RPL23 1,58 C other 

EIF3F 1,54 C translation regulator 

EIF3E 1,53 C other 

Abbreviations: EIF, eukaryotic translation initiation factor; PPP, protein phosphatase; RP, 

ribosomal protein; C, cytoplasm; N, nucleus; O, other 
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Different phosphorylation of EIF2 between the 2 tumor prognostic subclasses 

was further validated by Western blot using the 19 (13 C1 and 6 C2) tumor samples 

revealing a decrease in the pEIF-2α (Ser51)/total EIF in C2 HB as compared to NL 

(FC=-1,7; p=0.0010) (Figure 24). 

 

4.2.3 Identification of a 3-protein signature  

To select among the differently expressed proteins between the C1 and C2 

tumors the candidates to be validated as prognostic biomarkers, we focused on 

those proteins differentially expressed between both tumor subtypes (FC+ 2.5, 

p<0.008) but also between tumor and non-tumor tissues (FC+1.5, p<0.05). This was 

done with the purpose to facilitate their assessment in any pathology department 

by using the non-tumor liver as a control of protein expression. So, we selected 8 

putative prognostic markers (ALBU, DERM, GLUL, TXNL, TMPRSS13, C1QBP, CRYL1 and 

CKAP4) for further validation by WB. The quantified protein expression of these 

markers in C1 and C2 tumors as well in non-tumor samples is shown in Figure 25A. 

After quantification of the specific protein bands, 3 out of the 8 initial proteins, 

cytoskeleton associated protein 4 (CKAP4), complement C1q binding protein 

(C1QBP) and crystallin lambda 1 (CRYL1) were found to be significantly deregulated 

in the aggressive C2 tumor subtype as compared with the non-tumor liver and were 

selected for further validation study by using immunohistochemistry in an 

independent set of samples (protein expression assessed by WB is shown in Figure 

Figure 24. Deregulation of the EIF2 pathway in aggressive C2 HB. 
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25B). In order to confirm its correlation with patient survival, WB data was used to 

classify patients as having 0, 1, 2 or 3 of the biomarkers altered taking into account 

NL intensity. The Kaplan-Meier survival analysis, showed that tumors with no altered 

biomarkers had an EFS probability of 100% as compared to patients with at least one 

altered biomarker (Log-rank p-value=0.0027; Figure 25C). 

 

 

Figure 25.  Identification of 3 prognostic biomarkers. Prognostic value of eight proteins was 

assessed by Western blot in the discovery set of samples. Protein expression quantified from 

WB of the 8 putative biomarkers. NL, Normal liver (white boxes); HB, Hepatoblastoma (black 

circles) (A). Representative Western blot of 3 NL and 6 HB (3 C1 and 3 C2) from the 3 selected 

prognostic biomarkers (B). Kaplan-Meier plot of Event Free Survival for 15 patients classified 

according the 3 prognostic biomarkers expression by Western Blot (C). 
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4.2.4 Assessment of the prognostic value of the 3-protein signature in an 

independent cohort 

The immunostaining of C1QBP, CKAP4 and CRYL1 was assessed in 11 tissue 

microarrays from 144 childhood liver cancer patients, including 133 with HB, 6 with 

NOS and 5 with HCC in non-cirrhotic liver and additionally in 44 NL samples. CKAP4 

showed a cytoplasmic, finely granular staining pattern, on both non tumoral 

hepatocytes and tumoral cells, with different intensities (negative, weak and 

strong). Most cases showed a similar and diffuse intensity all over the examined 

tissue. No staining of nuclei or other tissue cells was seen. C1QBP showed also a 

cytoplasmic, granular pattern, with a more varied shade of intensities (negative, 

weak, moderate and intense). Focal staining of tumoral nuclei was sometimes 

noted. Non tumoral liver was either negative or showed a faintly positive 

cytoplasmic staining of hepatocytes. No staining of other tissue elements was noted. 

CRYL stained both cytoplasm and nuclei of tumoral cells. The intensity of staining 

was negative, weak, moderate or intense. Non tumoral hepatocytes showed a 

similar pattern of staining with a tendency to increase nuclei intensity in periportal 

areas. No staining of other tissue elements was noted. Representative staining for 

each marker is shown in Figure 27. 

 

In order to define the value of the 3-protein signature for every tumor, a score 

was calculated for each protein taking into account the global score (percentage 

of positive cells x intensity of the staining). Then, we defined C1QBP and CKAP4 

biomarkers as “altered” when their staining score was two-fold higher than the 

staining of the adjacent non-tumor liver whereas CRYL1 tumor staining was defined 

as “altered” when no staining was observed. An overview of the 3-protein signature 

definition is shown in Figure 26. 
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Figure 26. 3-protein signature definition. After calculating the staining score for each biomarker, a 

cutoff of alteration was established by using NL staining as a reference. Thus, CKAP4 and C1QBP were 

considered as altered when score ≥12 (2 times NL maximum value) and CRYL1 when no expression 

was detected. T1, T2, T3 and T4 represent different tumors with different staining of the 3 biomarkers. 

Grey means low expression, black high expression and white, no expression. Red circles means altered 

biomarker. The 3-protein score is obtained by adding the number of biomarkers altered for each tumor 

(3-protein score rank: 0-3). 
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Figure 27. Representative immunohistochemical staining of the 3 protein signature. Protein 

expression was determined by immunohistochemistry in an independent series of tumor 

samples from 144 patients. A representative image of NL staining as well as tumors with 

normal and altered expression and fetal liver at two different developmental stages is 

showed. Abbreviations: FL, Fetal Liver; NL, Normal liver; HB, Hepatoblastoma. 
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First, we studied the association of the different biomarkers and the simplified 

3-protein signature (grouping patients with at least 1 altered biomarker) with clinical, 

pathological and molecular parameters (Table 19 and Table 20) and the results 

showed that CKAP4 and CRYL1 were associated with patient outcome (CKAP4 vs 

EFS p=0.022, chi-square test; CRYL1 vs OS p=0.026, chi-square test) whereas C1QBP 

was not associated with EFS neither OS despite a trend on its impact. Interestingly, 

besides its association with EFS and/or OS, the 3 biomarkers and the 3-protein 

signature were significantly associated with an epithelial or mixed histology and non-

fetal main epithelial component. The unpaired t-test showed that C1QBP and the 3-

protein signature are significantly associated with higher age at diagnosis. 

 

The impact of the presence of the altered biomarkers and different clinical 

features to patient survival was evaluated by Kaplan-Meier curves (Table 21). The 

results of the univariate analysis revealed that the 3-protein signature, CKAP4 

overexpression, age>3 and 8 years at diagnosis, AFP<100ng/mL, metastasis at 

diagnosis, vascular invasion, mixed histology and main epithelial component no 

pure fetal were associated with worse patient event-free survival. 

 

Table 19. Association of the 3 proteins with age and AFP levels at diagnosis. P-val, unpaired 

t-test p-value. 

 Mean age (months) Mean AFP (ng/mL) 

 No Yes P-val No Yes P-val 

CKAP4 ≥12 23.3 35.1 0.071 318899.6 509619.8 0.275 

C1QBP ≥12 22.2 34.6 0.044 298323.9 517847.6 0.204 

CRYL1 =0 26.5 48.3 0.186 397619.2 464417.9 0.819 

3-PROTEIN SIGN ≥1 17.4 33.7 0.001 374861.5 425628.9 0.742 
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Table 20. Association of the 3 proteins with clinical, pathological and molecular features. P-

val, chi-square p-value.  

 

 
CKAP4≥12 C1QBP≥12 CRYL1=0 

3 PROTEIN 

SIGNATURE 

  N Y p-val N Y p-val N Y p-val 0 1/2/3 p-val 

Event free survival 

No 

events 
63 50 

0.022 
59 55 

0.063 
104 10 

0.140 
42 73 

0.005 

R/DOD 8 18 9 19 22 5 2 26 

Overall survival 
Alive 63 54 

0.237 
60 58 

0.188 
108 10 

0.026 
41 78 

0.001 
DOD 5 11 5 13 12 5 0 18 

VPFR1 
No 23 22 

0.796 
28 18 

0.052 
43 3 

0.358 
17 29 

0.360 
Yes 46 40 38 50 77 10 26 63 

Age > 3 years 
No 67 58 

0.138 
63 65 

0.499 
115 12 

0.416 
43 86 

0.198 
Yes 5 10 6 9 12 3 2 13 

Age > 8 years 
No 67 58 

0.138 
63 65 

0.499 
115 12 

0.416 
43 86 

0.198 
Yes 5 10 6 9 12 3 2 13 

AFP<100 ng/mL 
No 67 57 

0.421 
62 65 

0.469 
114 12 

1.000 
41 87 

0.841 
Yes 0 2 2 0 2 0 0 2 

AFP100-1000ng/mL 
No 62 55 

0.882 
58 62 

0.289 
108 11 

0.853 
37 84 

0.623 
Yes 5 4 6 3 8 1 4 5 

AFP>106 ng/mL 
No 61 52 

0.592 
59 57 

0.579 
106 9 

0.074 
36 81 

0.801 
Yes 6 7 5 8 10 3 5 8 

Metastasis 
No 59 53 

0.818 
57 57 

0.435 
104 10 

0.344 
38 77 

0.778 
Yes 11 11 9 13 18 4 6 16 

Vascular invasion 
No 53 49 

0.854 
51 52 

0.713 
94 9 

0.650 
33 71 

0.868 
Yes 14 14 16 14 25 4 10 20 

Multifocality 
No 32 27 

0.797 
35 25 

0.051 
57 3 

0.189 
23 37 

0.214 
Yes 39 36 32 45 66 10 21 57 

Histology 
E 34 45 

0.043 
32 49 

0.012 
71 9 

0.036 
17 65 

0.001 
M 35 19 35 20 52 3 27 28 

Main Epith. Comp. 
PF 54 35 

0.010 
52 38 

0.008 
86 4 

0.029 
37 54 

0.004 
Other 14 25 13 27 32 7 6 34 

ki67 staining 
<5% 51 27 

<0.0001 
44 34 

0.032 
69 9 

0.676 
36 42 

<0.0001 
>5% 21 41 25 40 58 6 9 57 

1, VPEFR, presence of at least one of the following characteristics: involvement of vena cava, 

involvement of portal veins, extrahepatic disease, multifocal tumor, tumor rupture (Meyers 

et al., 2017). Abbreviations: R, recurrence; DOD, death related to cancer; N, no; Y, yes; E, 

epithelial; M, mixed; Main Epith. Comp., Main epithelial component; PF, pure fetal. 
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Table 21. Univariate analysis. 

Variable  Total R or DOD (%) Log-rank p-val 

3-Protein Signature 
0 44 2  (4) 

0.005 
123 99 26 (26) 

CKAP4≥12 
No 71 8 (11) 

0.016 
Yes 72 20 (28) 

C1QBP≥12 
No 68 9 (13) 

0.102 
Yes 75 19 (25) 

CRYL1=0 
No 126 22 (17) 

0.069 
Yes 15 5 (33) 

VPFR1 
No 46 6 (13) 

0.398 
Yes 88 18  (20) 

Age > 3 years 
No 128 18  (14) 

<0.0001 
Yes 15 10 (67) 

Age > 8 years 
No 128 18  (14) 

<0.0001 
Yes 15 10 (67) 

AFP<100 ng/mL 
No 128 21 (16) 

0.001 
Yes 2 2 (100) 

AFP 100-1000 ng/mL 
No 121 22 (18) 

0.699 
Yes 9 1 (11) 

AFP>106 ng/mL 
No 117 23 (19) 

0.080 
Yes 13 0 (0) 

Metastasis 
No 114 15 (13) 

<0.0001 
Yes 22 10 (45) 

Vascular invasion 
No 104 15 (14) 

0.047 
Yes 29 9 (45) 

Multifocality 
No 59 9 (61) 

0.622 
Yes 78 16 (20) 

Histology 
E 81 21 (46) 

0.006 
M 55 4 (7) 

Main Epith. Comp. 
PF 90 13 (14) 

0.037 
Other 40 11 (27) 

β-catenin nuclear 

staining 

No 60 11 (18) 
0.247 

Yes 17 5 (29) 

ki67 staining 
<5% 78 13 (17) 

0.443 
>5% 65 15 (23) 

1, VPEFR, presence of at least one of the following characteristics: involvement of vena cava, 

involvement of portal veins, extrahepatic disease, multifocal tumor, tumor rupture (Meyers 

et al., 2017). Abbreviations: R, recurrence; DOD, death related to cancer; N, no; Y, yes; E, 

epithelial; M, mixed; Main Epith. Comp., Main epithelial component; PF, pure fetal. 

 

 

 



Results 

121 
 

Interestingly, the combination of the 3 biomarkers showed a stronger impact 

on patient survival than the 3 biomarkers independently (Figure 28) having an 

additive effect predicting EFS, thus EFS at 150 months was 96, 74, 78 or 50% 

depending if the tumors had 0, 1, 2 or 3 biomarkers altered (Log-rank p-=0.0041). The 

impact was even stronger in the OS analysis, in which OS probability at 150 months 

was of 100, 81, 88 or 50% for tumors with 0, 1, 2 or 3 altered biomarker respectively. 

As the survival analysis showed that having 1 or 2 altered biomarkers lead to similar 

EFS and OS probabilities (EFS: 74 vs 78%; OS: 81 vs 88%), we defined a simplified 3-

protein signature grouping patients with 1 or 2 altered biomarkers. The Kaplan-Meier 

curves showed that the group with best outcome included patients with tumors with 

an expression of the biomarkers similar to the adjacent non-tumor liver (global 

score=0) with 96% probabilities of EFS at 150 months, a second group with an 

intermediate outcome had patients with tumors that had an alteration of 1 or 2 

biomarkers having 76% probabilities of EFS at 150 months and finally, a third group 

of patients with worse prognosis was characterized by having tumors with all 

biomarkers altered (global score=3) showing and EFS probability of 50% (Figure 28). 

This robust association of the 3-protein signature to EFS is even stronger in the analysis 

of OS, in which patients had 100, 85 or 50% of OS probabilities depending on having 

0, 1/2 or 3 altered biomarkers (Log-rank p<0.0001). Interestingly, only 2/6 (33%) 

analyzed NOS tumors had no altered biomarkers (3-protein score=0) and 4/6 (66%) 

had at least 1 altered biomarker (2/6 had 2-3 altered biomarkers). Regarding the 

pHCC, all had at least one altered biomarker (1/5 had 1 altered biomarkers whereas 

4/5 had 2 or 3 altered biomarkers). 
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Figure 28. Survival analysis of the 3 biomarkers individually and the 3-protein signature. 

Kaplan-Meier plots of the 3 biomarkers individually and the 3-protein signature associated to 

EFS and OS.  
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Once we confirmed the impact of the 3-protein signature with the patient 

outcome, we were interested in evaluating its utility to be used for improving HB 

management. From our validation cohort of 144 patients, 128 patients had the 

clinical data to be classified with the current clinical stratification CHIC-HS (Meyers 

et al., 2017), although very low and low patients were both considered as low risk. 

The survival analysis confirmed that the CHIC-HS is significantly associated with 

patient outcome in our cohort. Thus, patients classified as low risk had a 93% 

probabilities of EFS, compared to 76% of intermediate patients or 53% of high risk 

patients (Log-rank p<0.0001) (Figure 29). 

 In order to assess the impact or overlapping of the 3-protein signature with 

the clinical classification, each group of patients was in turn sub classified with the 

3-protein signature. Interestingly, the results showed that the 3-protein signature was 

useful to improve the classification of intermediate patients, as the deregulation of 

the 3 proteins led to a 50% EFS probabilities compared to patients with no altered 

biomarkers, who had an EFS probability of 100% (Log-rank p=0.0011). This effect was 

also seen in the OS analysis as intermediate patients with a 3-protein score=0 had 

100% OS probabilities in contrast to patients with a score=1 or 2 who had 92% OS 

probabilities or score=3 who had 50% OS probabilities (Log-rank p=0.0002). The sub 

classification with the 3-protein signature for the low and high risk showed no 

significant impact of the signature on patient EFS or OS, despite a trend towards 

improving classification could be observed (Figure 29). 

 Interestingly, the multivariate analysis identified the 3-protein signature as an 

independent prognostic factor of pediatric patients with liver cancer together with 

the CHIC-HS clinical stratification (Table 22). 

Table 22. Multivariate analysis. 

Variable HR IC (95%) p-value 

CHIC-HS 3.29 1.7-6.3 <0.0001 

3-protein signature   2.54 1.27-5.10 0.0009 
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Figure 29. Clinical CHIC-HS and 3-protein signature survival analysis. One hundred and 

twenty eight patients were classified according to the last clinical stratification system CHIC-

HS (Meyers et al., 2017). Then low, intermediate and high risk patients were sub classified 

using the 3 protein-signature.  Interm., intermediate. 
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We wanted to assess the potential of the 3-protein signature to predict 

survival in non-treated specimens. The Kaplan-Meier analysis revealed that, despite 

not being significant, there is an association with both, EFS and OS. Interestingly, 

patients with zero altered biomarkers had 100% probabilities of EFS and OS, 

compared to patients with at least 1 altered biomarkers (Figure 30). 

Figure 30. 3-protein signature survival analysis in non-treated specimens. Simplified 3-protein 

signature (grouping patients as 0 vs. at least 1 altered biomarkers) and its association with 

patient EFS (left) and OS (right) is represented. 

 

4.2.5 Plasma expression of C1QBP 

 In order to assess the plasmatic levels of C1QBP, an ELISA was performed 

using 20 plasma samples from patients with liver cancer (10 with good prognosis and 

10 with bad prognosis features, including 1 pHCC) and 7 healthy patients. Patients 

with bad prognosis features (poor) were classified if presented metastasis and/or 

multifocality and/or PRETEXT IV and/or AFP >106 ng/mL and/or more than 3 years 

and/or pHCC. The patients classified as “good prognosis” did not have any of the 

above mentioned criteria associated to poor outcome.  

 Patients with poor outcome features had higher concentrations of C1QBP 

than healthy individuals (t-test p-value =0.0343) (Figure 31). Interestingly, high levels 

of C1QBP ([C1QBP]>15ng/mL) were also associated with multifocal tumors (Fisher 

test p=0.035). 
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4.2.6 Integrative analysis of the proteomic, genomic and transcriptomic data 

In order to complete the proteomic characterization of aggressive tumors, 

proteomic data was correlated with previously published gene expression and copy 

number variation data (Cairo et al., 2008). To do so, the DNA-RNA Integrator (DRI) 

was used. DRI allows the correlation of 2 paired data sets (originally DNA and RNA) 

to identify correlations between the 2 types of data analyzed (for example DNA 

copy number and gene expression). So, the DRI method was applied in order to find 

correlations between RNA and protein and also DNA and protein. The proteins, gens 

and BACs identified in the C2 vs. C1 comparison were used. 

 

Sixteen genes were found correlated at protein and DNA level, 10 of them 

positively correlated and 6 negatively correlated (Table 23). 

 

 

 

 

Figure 31. Plasmatic levels of C1QBP in pediatric control 
individuals and liver cancer patients assessed by ELISA. 
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Table 23. Correlated proteins at protein and DNA level.  Fdr p-value<0.05; 1, also correlated 

at RNA and protein level.  

Gene name chr.p dna.score.p rna.score.p correlation.p 

SSB1 2 4.533 6.848 7.535 

NCL1 2 3.508 4.147 6.475 

HNRNPA31 2 3.071 3.126 6.088 

STAU1 20 3.082 2.903 5.638 

RBM8A 1 2.847 3.278 5.319 

TPD52L21 20 4.585 3.082 5.154 

CA2 8 4.368 2.998 5.055 

EIF6 20 3.66 2.838 5.039 

FN1 2 4.062 2.804 4.739 

DBI1 2 2.666 4.214 4.353 

ACTR2 19 -2.11 -2.79 -3.705 

GANAB 11 -2.018 -2.141 -3.921 

DAK 11 -2.018 -2.084 -3.973 

WDR1 4 -2.132 -2.366 -4.051 

TYMP 22 -2.284 -2.289 -4.562 

NIT21 3 -3.831 -3.713 -7.311 

 

One hundred and twenty-seven genes showed correlation at protein and RNA 

level, 70 of them were positively correlated and 57 negatively correlated. Top 

correlated genes are shown in Table 24. Interestingly, 2 of the proteins of the 3-

protein signature showed significant correlation between gene and protein 

expression, C1QBP and CRYL1.  

 

Among the 230 deregulated proteins in aggressive C2 tumors, 6 proteins (3%) 

were identified as correlated both at protein and DNA level and protein and RNA: 

Sjogren syndrome antigen B (SSB), nucleolin (NCL) and nitrilase family member 2 

(NIT2), diazepam binding inhibitor, acyl-CoA binding protein (DBI), heterogeneous 

nuclear ribonucleoprotein A3 (HNRNPA3) and tumor protein D52 like 2  (TPD52L2). 

Interestingly, 4 of them (SSB, DBI, NCL and HNRNPA3) are codified in chromosome 2 

and are positively correlated, reflecting the fact that aggressive tumors have a gain 

of this chromosome and suggesting that this gain is causing an increase of the gene 

expression and protein translation. TPD52L2, which is located in chromosome 20, is 

also positively correlated. On the other hand, NIT2 is codified in chromosome 3 and 
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it is negatively correlated in the 2 comparisons, suggesting that a DNA loss of this 

gene is producing a decrease in gene expression which is translated into a decrease 

in the protein expression too.  

 

Table 24. Top correlated genes at protein and RNA level in C2 vs C1 tumors. Fdr p-value<0.01. 

*, 3 protein-signature; 1, also correlated at DNA and protein level.  

Gene name chr dna.score.p rna.score.p correlation.p 

C1QBP* 17 5.630 7.422 9.900 

CYC1 8 4.309 4.663 8.291 

SSB1 2 4.818 6.848 8.208 

HSPE1 15 7.780 4.995 8.201 

DBI1 2 4.844 4.214 7.880 

MIF 22 3.796 3.589 6.981 

NPM1 1 3.928 5.114 6.945 

NCL1 2 6.389 4.147 6.840 

CMPK1 1 4.051 6.281 6.663 

SSR1 6 3.386 3.565 6.603 

TPD52 8 3.897 6.157 6.364 

YBX1 1 3.693 5.574 6.140 

C14orf166 14 3.585 5.139 6.086 

SUB1 5 3.205 4.160 5.673 

TPD52L21 20 2.871 3.082 5.545 

CALU 7 3.208 2.856 5.399 

CHCHD3 1 2.768 3.145 5.203 

PLIN3 19 3.099 4.694 5.144 

TXN 17 2.640 2.845 5.088 

HSPD1 12 7.171 3.433 5.076 

HNRNPK 3 2.642 2.964 4.997 

RPL36 19 3.456 2.759 4.961 

EIF3I 1 2.945 4.363 4.933 

RPS16 1 2.527 2.681 4.910 

HNRNPA31 2 2.648 3.126 4.892 

SPTBN1 2 -2.823 -3.638 -5.013 

ALAD 9 -4.880 -3.111 -5.094 

ACTN4 19 -2.661 -2.861 -5.137 

SULT2A1 19 -4.622 -3.126 -5.241 

CRYL1* 13 -2.969 -3.858 -5.255 

BDH1 3 -2.786 -3.070 -5.316 

BGN X -2.808 -2.792 -5.568 

ACAA1 3 -2.838 -2.830 -5.653 

PBLD 10 -3.329 -4.739 -5.668 

ACADVL 17 -3.266 -3.199 -6.331 

ADH6 4 -4.424 -9.752 -6.430 

ALB 4 -4.454 -3.830 -7.123 

NIT21 3 -3.897 -3.713 -7.251 

CAT 11 -4.990 -4.074 -7.400 

C4BPA 1 -4.299 -5.350 -7.752 
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Finally, in order to visualize the different data (DNA, RNA and protein) we 

represented a CIRCOS plot (Figure 32). The CIRCOS plot shows the high incidence 

of chromosomes 1q, 2 and 8 gains. Chromosome 2 shows the highest number of 

significant positive correlated genes at proteins and DNA level. 

 

Figure 32. CIRCOS plot of the proteomic, transcriptomic and genomic data. Significant copy 

number gains and losses, differently expressed proteins and genes and DRI data from the C2 

vs C1 comparison was represented in a CIRCOS plot. From outer to inner tracks: 

chromosomes; cytobands; aCGH gains (red) and losses (blue) for each sample; p-value of 

the aCGH C2 vs C1; DRI DNA-RNA correlation; heatmap of the proteins identified by DIGE 

and p-value; heatmap of the proteins identified by LF and p-value; DRI DIGE and RNA 

correlation; DRI LF and RNA correlation; heatmap of the differently expressed genes and p-

value. DRI: purple, positive correlation; green, negative correlation; heatmap: blue, higher 

expression; red, lower expression. P-values: from yellow (higher p-value) to red (lower p-

value). 
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4.3. Genomic and RNAseq study of pediatric liver tumors 
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4.3.1 RNA sequencing analysis 

The RNAseq study was performed in a cohort of 31 pediatric patients with HB 

as well as 2 recurrences and 13 PDX, including paired NT. To notice that this series is 

particularly enriched with aggressive tumors according to the CHIC-HS (38% high risk 

patients). Table 9 depicted the main clinical and pathological features of the 

patients included in the study.  

4.3.1.1 Fusion protein identification 

In order to identify putative fusion proteins in HB, RNAseq data was analyzed 

to find out new fusion transcripts events. A total of 13 fusion transcripts with perfect 

alignment were identified exclusively in tumor samples (Table 25). Eight out of 

thirteen (61%) of the events were intrachomosomic, whereas the other 39% involved 

2 different chromosomes. Three out of thirteen (23%) involved immunoglobulin 

domains, where chromosomal rearrangements typically occur and for this reason 

these events were excluded of the validation. The remaining 10 events were studied 

to know if they could be translated in to protein in order to select the fusion events 

which could generate a functional chimera protein. As a result of this analysis, 4 

fusion transcript events were selected and further validated by RT-PCR and Sanger 

Sequencing. Two out of the four selected events were intrachromosomic 

rearrangements involving chromosomes 13 and 16 and the other 2 were 

interchromosomic involving chromosomes 2 and 10, and 9 and 10, respectively. The 

gel electrophoresis of the PCR product showed a unique product with the specific 

size in the 4 primary tumors and their 2 paired PDX (Figure 33A). Sanger sequencing 

and nucleotide blast of the PCR products confirmed the presence of the fusion 

events (Figure 33B). 
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Table 25. Fusion transcripts in HB identified by RNAseq. Bold indicates events selected for 

validation. 

Event gene1 gene2 NT HB PDX 

chr2:89161075_chr2:89185669_+_- IgKappa abParts 0 4 0 

chr2:89161436_chr2:89185669_+_- abParts abParts 0 2 0 

chr16:57905554_chr16:69418482_-_+ TERF2 genomic 0 1 1 

chr1:149576701_chr1:145004782_+_+ LINC00623 LOC100288142 0 1 0 

chr2:14494287_chr2:153572508_-_+ BC035112 PRPF40A 0 1 0 

chr3:117716028_chr3:116163803_-_- genomic LSAMP 0 1 0 

chr2:89160771_chr2:89185669_+_- Ig kappa//abParts abParts 0 1 0 

chr13:43681313_chr13:45913631_-_+ DNAJC15 TPT1 0 1 0 

chr12:20704504_chr21:27228076_+_+ PDE3A genomic 0 2 0 

chr1:148932921_chr4:4193800_+_+ LOC645166 OTOP1 0 1 1 

chr2:135252042_chr10:70243176_-_+ TMEM163 SLC25A16 0 1 0 

chr4:74277730_chr10:135346189_-_+ ALB CYP2E1 0 1 0 

chr9:93976735_chr10:103529680_+_+ AUH genomic 0 1 1 

  

Finally, in order to study whether these fusion transcripts could be relevant in 

HB tumorigenesis, the 4 fusion events validated were investigated in an additional 

set of 21 primary tumors with no positive findings, having a final incidence of 2% 

(1/52). 
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Figure 33. Validation of the fusion events identified in HB. Gel electrophoresis of the PCR 

product of the 4 selected fusion transcripts in tumor samples from which were identified as well 

as in their corresponding non-tumor and PDX samples (A). Resulting sequences of the 4 fusion 

transcripts in representative positive tumor samples (B). 
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4.3.1.2 Mutational analysis 

In order to identify new mutation events in Hepatoblastoma, RNAseq data 

was interrogated for nucleotide changes leading to a change of amino acid 

(missense events) or introducing a stop codon. RNAseq results showed that the top 

mutated gene was Catenin Beta 1 (CTNNB1) identified as mutated in 10 cases, 

followed by Bladder-cancer associated protein (BLCAP) (n=9), Nuclear Factor, 

Erythroid 2 Like 2 (NFEL2) (n=2) and EPH receptor B4  (EPHB4) (n=2). Mutations were 

further validated by PCR and Sanger sequencing in the same 31 patients and in an 

independent cohort of 21 patients. The study was completed by sequencing the 

TERT promoter region, already known to be altered in NOS tumors. The results 

revealed that top mutated gene was CTNNB1 in 75% of tumors, followed by EPHB4, 

NFE2L2 and telomerase reverse transcriptase (TERT) in 6, 4 and 3% of the cases, 

respectively (Table 26). Interestingly, all the cases with NFE2L2 and EPHB4 mutations 

belong to the aggressive C2 subtype, while the TERT promoter mutations was 

identified in a NOS tumor.  

Table 26. Top mutated genes validated in HB. *For CTNNB1, results from RNAseq, PCR, 

electrophoresis and Sanger sequencing are shown. 

 

Gene 
Training 

set 

Validation 

set 
% 

% of C2 tumors 

with the mutation 

CTNNB1 22/31* 17/21 75 59 

NFE2L2 3/31 0/21 6 100 

EPHB4 2/31 0/21 4 100 

TERT 1/27 - 3 0 

 

The analysis of CTNBB1 mutations was completed by electrophoresis and 

Sanger sequencing in order to find out deletions. Main aberration in CTNNB1 gene 

were deletions of the third exon in 50% (26/52) of the tumors, not detected by 

RNAseq but found by Sanger sequencing, followed by punctual mutations also in 

exon 3 in 25% (13/52) of the patients. Main mutation was D32Y (4/52, 8%), followed 

by I35S (2/52, 4%) and Y30S, D32N, D32V, G34V, S37F, T41I and S45P (1/52, 2%). 
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Importantly, 7 out of the 13 tumors harboring punctual mutations had a change in 

the Asparagine 32 (Figure 34).  

The 3 samples harboring NFE2L2 mutations had three different changes: 

G31A, D77G and G81S. All of them were located in the second exon of the gene. 

The 2 samples with EPHB4 mutations had G368V and F594V mutations, in the 6 and 

11 exons located in the extracellular and cytoplasmic domains respectively. Finally, 

one NOS (MABHB26) sample had a mutation in the promoter of TERT (146G>A). 

Regarding BLCAP, identified by RNAseq as mutated in 9 primary tumor 

samples, it had several mutated sites: nucleotides 5 (A<G), 14 (A<G) and 44 (A<G). 

However, Sanger sequencing of the BLCAP gene revealed that all the samples were 

wt at DNA level. Nevertheless, further Sanger sequencing of the BLCAP mRNA of the 

same tumors showed the presence of a double peak in the nucleotide 5, suggesting 

an editing event. Moreover, BLCAP mRNA in non-tumor samples showed the 

presence of the mutated nucleotide as in tumor samples but with low peak intensity 

(Figure 35A). 

As editing of BLCAP in nucleotides 14 and 44 was not detected by Sanger 

and editing of the nt5 of the BLCAP has already been reported in cancer (Galeano 

et al., 2010; Hu et al., 2015), only nt5 was selected for further validation. Thus, in order 

Figure 34. CTNNB1 gene mutations and deletions. All the punctual mutations were found in 

the third exon. Colored squares above the sequence show the frequency of the different 

nucleotide changes. Red squares below the protein scheme represent the % of tumors with 

exon 3 deletions (dark red, whole exon; light red, part of the exon). 
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to quantify the levels of nt5 BLCAP editing we performed droplet digital PCR 

(ddPCR). The results confirmed the over-editing of nt5 in T vs.  NT samples (p<0.0001, 

t-test; Figure 35B). The statistical analysis comparing paired T and NT samples, 

confirmed the over edition of BLCAP in 18 out of 31 (58%) analyzed pairs (p<0.0001, 

FC>1.5, paired t-test). Only in 2 out of 31 tumor samples there was a decrease in nt5 

editing (FC=-1.5 and -1.6).  Additionally, gene expression of BLCAP was assessed by 

qRT-PCR and the results show a decreased expression in HB vs. NT samples (p=0.076, 

t-test; Figure 35C). 

Figure 35. BLCAP nt5 editing validation. DNA and RNA sequences of the 10 first nucleotides 

of BLCAP. Nucleotide 5 is highlighted in yellow. Arrows indicate start codon. (A) Fractional 

abundance of nt5 editing of BLCAP in 31 NT and 31 HB samples quantified by ddPCR (B). 

BLCAP gene expression assessed by qPCR in 21 NT and 30HB (C).  
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4.3.1.3 Editing analysis 

From the discovery of the altered editing of nt5 of BLCAP, we aimed to 

investigate the global editing in HB by using RNA sequencing data. The analysis 

showed that 98% of the edited sites were localized in repetitive ALU elements and 

mostly in non-coding regions (Figure 36A). Interestingly, in contrast of the BLCAP 

situation, we observed a global decrease in RNA editing in tumors as compared to 

non-tumor samples for both non-ALU and ALU sites (p=0.0006; p=0.0040, respectively, 

t-test; Figure 36B).  

Remarkably, the editing index was correlated with patient survival (log rank 

test p=0.0440), as patients with an editing index higher than 0.202 (mean tumor 

editing index) which is similar to the editing index in non-tumor samples, had 100% 

OS probabilities as compared to patients with editing index lower than 0.202 who 

had 72% of OS (Figure 36C). 

Figure 36. RNA editing analysis. RNA editing was mainly present in ALU elements and non-

coding regions (A). Editing index in 31NT and 31T samples in ALU and non-ALU elements (B). 

Kaplan-Meier curves of the patients stratified in normal index (>0.202) or low editing index 

(<0.202) (C). 
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Since RNA editing is regulated by ADAR enzymes (Nishikura, 2010), the 

expression of ADAR1 and ADR2 genes was assessed by qPCR in 27 HB samples and 

26 NT samples and the results showed an overexpression of ADAR2 in tumor samples 

as compared to non-tumor samples (t-test p=0.0003) whereas no significant 

difference was seen in ADAR1 levels (Figure 37A). Interestingly ADAR2 gene 

expression was positively correlated with BLCAP nt5 editing (p=0.0008, r2=0.1991, 

linear regression) but not ADAR1 (p=0.2007, linear regression) (Figure 37B).  

  

 

Figure 37. ADAR1 and ADAR2 gene expression assessed by qPCR and correlation with 

BLCAP and global editing. ADAR1 and ADAR2 gene expression in 27 NT and 27 HB 

samples (A). Correlation of the ADAR1 and ADAR2 gene expression with BLCAP nt4 

editing (B). 
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4.3.2 Comprehensive genomic study of pediatric liver tumors and recurrences 

The genomic study was performed in a cohort of 31 pediatric patients with 

HB as well as 2 recurrences, 13 PDX and 4 pHCC. To notice that this series is 

particularly enriched with aggressive tumors according to the CHIC-HS (38% high risk 

patients). Table 9 depicted the main clinical and pathological features of the 

patients included in the study.  

Cytoscan HD array was used to characterize chromosomal and allelic 

imbalances found in HB. Differently from other arrays commonly used in cancer 

research, Cytoscan HD was designed to interrogate all the genome with high 

coverage, without an enrichment of probes only in previously described regions 

related to cancer. This array, contains a total of 6,876,796 probes including 749,157 

markers of SNPs, and is able to detect focal aberrations in new regions due to its 

high sensitivity. 

 

4.3.2.1 Copy Number Variations and allelic imbalances in primary HB 

and recurrences  

The array data obtained showed that the main copy number variations 

(CNV) in HB were gains of whole chromosomes or chromosomal arms, while 

chromosomal losses are less frequently observed and focal aberrations are rare 

events. Allelic imbalances or loss of heterozygosity (LOH) in HB were present across 

all the chromosomes. From the 31 tumors analyzed, 5 (16%) had 0 gains, 12 tumors 

had 1-4 gains, 9(29%) between 5-10 and 5 (16%) more than 10. Regarding losses, 5 

samples (16%) had 0 gains, 16 (52%) had 1-4, 9 (21%) showed 5-10 and only 1 tumor 

(3%) showed more than 10 losses. Primary tumors had a mean of 4.5 LOH [0-18] 

involving a mean of 4 chromosomes [0-13] (Figure 38). With this high resolution array, 

none of the samples analyzed had no CNVs and three tumors (3%) had no LOH. 

Interestingly, 5 cases (16%) that had no gains, presented non-recurrent 1 (n=3), 2 

(n=1) or 7 (n=1) small losses (<2.2Mb).  Main CNVs in the primary HB tumors were: 

gains of chromosome 20 (54%), 1q (51%), 2 (48%), 8 (38%), 12 (35%), 17 (35%), and 

losses of 1p (22%) and 4q (22%) as shown in Figure 39. In contrast to CNV, LOHs 
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involving whole chromosomes or chromosomal arms were less frequent than 

punctual LOH (Figure 40). LOH were distributed in different chromosomal positions 

and a significant enrichment was found in 11p15, present in 15/31 (48%) of the 

primary tumors, none of these patients were affected by Beckwith-Wiedemann 

Syndrome.  

The 2 recurrent samples analyzed maintained the same CNV and LOH profile 

from their primary tumors and interestingly, had gains of the chromosome 20 as well 

as LOH of chromosome 3 and 8q. 

Figure 38. Number of chromosomal and allelic imbalances in primary HB tumors. 
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Figure 39. Copy number variations analysis in HB. Copy number variations (CNVs) in primary tumors. (*) Recurrent samples 

below their primary tumors (A). Frequencies of the CNVs in both primary and recurrent tumors (B). Blue, gains; red, losses; 

light colors represent low percentage of cells with the CNV. 
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Figure 40. Allelic imbalances in HB. Regions with loss of heterozygosity (LOH) in primary tumors. * indicate recurrent samples 

below their primary tumors (A). Frequencies of the LOHs in both primary and recurrent tumors (B). 
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In order to find new oncogenes and TSGs in HB, we identified regions with 

CN>3 and homozygous deleted regions and studied the correlation with the mRNA 

level of the genes localized in these regions by using gene expression array data 

(data not included in the present thesis). The study of regions with CN>3, showed 

chromosomal gains in 4 primary tumors involving chromosomes 2, 6, 7, 8, 12, 13, 17 

and 22 (Table 27). The only recurrent gains were observed on chromosomes 7 and 

8. Interestingly, sample MABHB225T had a gain (CN=3.2) in chromosome 2q32.3-33.1, 

a 2.7kb region containing 19 genes, including the oncogene SF3B1 (Vogelstein et 

al., 2013), however no significant increase on its mRNA level was observed (data not 

shown). Because the high number of genes localized in the other gained regions, 

we could not identify additional putative oncogenes.  

   Table 27. Gains with CN>3 found in primary HB tumors.   

Chr Start End 
CN 

state 
kb Number of HB 

2q33.1 196665899 199403156 3.2 2737 1 (3%) 

6p25.3-p11.2 156974 57584187 3.6 57427 1 (3%) 

7p22.3-q36.3* 43360 159119707 4.0 159076 2 (6%) 

8p23.3-24.3* 158048 146295771 4.0 146138 2 (6%) 

12p13.33-q24.33* 173786 133777902 4.0 133604 1 (3%) 

13q12.11-q34 19436286 115107733 4.0 95671 1 (3%) 

17q11.1-q25.3 25270397 81041938 3.1 55771 1 (3%) 

22q11.1-13.33 16888899 51197838 4.0 34309 1 (3%) 

    Abbreviations: Chr, chromosome; Kb, kilobases. *indicates whole-chromosome gain. 

In order to find new putative tumor suppressor genes in HB we focused on 

homozygous deletions, and, even though they are rare events, some of them were 

found in 4 different samples, involving chromosomes 1, 4 and 11 (Table 28). Each 

deletion was seen in one single patient. Curiously, all the deleted regions with CN=0 

were located in the middle of bigger deleted regions with CN=1.  
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One sample (MABHB26) had a homozygous deletion (CN=0.8, 20% of samples 

present homozygous deletion) of a 1,796 kb region in 1p21.3-21.2 containing 7 

annotated genes and also including the mir137, and SNX7, which was 

downregulated in this sample compared to the remaining samples without the 

homozygous deletion (FC= -3.5). Samples MABHB33 and MABHB236 showed a 

homozygous deletion (CN=0) in 4q34.3 of 600kb and 2192kb respectively which 

contained 2 single genes, mir1305 and LONC00290; however, their expression was 

not significantly lower in these tumors as compared to samples without these 

aberrations. Lastly, we found 2 homozygous deletions in the sample MABHB238, one 

located in 4q35.1 of 446 kb involving 3 genes and the other at 11q25 of 113kb 

including one gene. The deletion localized in 4q35.1 included IRF2 gene who’s 

expression was much lower than in NT samples and the other analyzed tumors 

without the homozygous copy loss according to gene expression data (FC=-9.2 and 

FC=-7.3 respectively).  

Table 28. Homozygous deletions found in primary HB tumors. Genes reported as tumor 

suppressor genes or related to cancer are highlighted in bold. 

 

 

Sample  
Chr. Start End kb 

N 

(%) 

Genes 

MABHB26 1p21.3-21.2 97973580 99769188 1.795 1 (3) 

DPYD, MIR137HG, 

MIR2682, MIR137, 

LOC729987, SNX7, 

LPPR5, LOC100129620, LPPR4 

MABHB236 4q34.3 180180552 182372213 2192 1 (3) LINC00290 

MABHB33 4q34.3 182517467 183117920 600 1 (3) MIR1305 

MABHB238 4q35.1 185038230 185484044 446 1 (3) ENPP6, LOC728175, IRF2 

MABHB238 11q25 131382079 131495471 113 1 (3) NTM 
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4.3.2.1.3 Small overlapping regions of imbalance (SORI) analysis 

CNV data for each region in all samples was then compared and the SORIs 

defined as the minimum overlapping region involved in at least 2 samples. 

A total of 186 different SORIs were identified, including 56 gains, 57 losses and 

72 LOH. Number of SORIS identified at each chromosome are represented in Figure 

41. 

 

The different SORIS were then associated with clinical, pathological and 

molecular features. Interestingly, loss of the whole chromosome 4 was significantly 

associated with age>3 years (p=0.022) and gain of chromosome 2q22.2-q23.1 was 

significantly associated with low levels of ALU sites editing (p=0.012). 

 The analysis of the association between the different SORIs revealed that 

among the top associated SORIs, loss of chromosome 11 was associated with loss of 

chromosomes 1 (adjusted p=2.48x10-6) and 4  (adjusted p=8.03-6). In addition, LOH 

of chromosome 10 was associated with LOH of chromosome 15 (adjusted p=4.98 

x10-6) and gain of chromosome 12 with gain of chromosome 17 (adjusted p=4.03x10-

5).  

Figure 41. Number of SORIs identified per chromosome. 
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4.3.2.4 CNV and LOH in Patient-Derived Xenografts and their primary 

tumors 

The Cytoscan HD array data in PDXs was used to identify possible regions 

associated to tumor aggressiveness. First, we assessed the status of the 530,026 SNPs 

present in the array.  The analysis revealed that 97.7 ± 2.4% of the SNPs were 

maintained between the primary tumor and their PDX. 

Then, we compared the CNVs profile of primary tumors and their PDXs. The 

results showed that chromosomal alterations are, overall, well preserved in the 

corresponding PDXs and importantly, 78% of the CNVs in the primary tumors are 

maintained in the PDXs. The results of this study were published in (Nicolle et al., 

2016). 

Main CNVs in the analyzed PDX were +20 (100%), +1q (90%),+2q (72%),+17q 

(72%), +8 (54%), +5q (45%), +12 (45%), -4q (45%),+13 (36%), -1p (36%),+19 (27%), +22 

(27%), -11 (27%) and  -21 (27%). It is interesting to highlight that all PDX and 91% 

(10/11) of the primary tumors analyzed had gain of chromosome 20 (Figure 42).  

Regarding LOH, 63% of PDX had LOH in 11p15 and 45% in 8q11.22 (Figure 43). 
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Figure 42. Copy number variations in primary HB tumors and their PDXs. Copy number variations (CNVs) in primary tumors (T) and their 

PDX (A). Frequencies of the CNVs in PDX (B). Blue, gains; red, losses; light colors represent low percentage of cells with the CNV. 
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Figure 43. LOH in primary HB tumors and their PDXs. LOH in primary tumors (T) and their PDX (A). Frequencies of the LOH in PDX (B).  
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4.3.2.5 CNV and LOH in pHCC 

The genomic study was completed with the study of a small cohort of pHCC. 

The main imbalances in our series of pHCC are losses of whole chromosomes or 

chromosomal arms, and chromosomal gains are less abundant despite affecting a 

high percentage of tumors. pHCC primary tumors have a mean of 5 gains [0-8], 13 

losses [1-22] and 3 LOH [0-7] affecting 5 [0-8],11 [1-17] and 3 [0-7] chromosomes 

respectively. 

One of the 5 cases analyzed did not have any big CNV and another tumor 

did not show any LOH. Main CNVs in the primary pHCC tumors were: losses of 

chromosome 1p (80%), 14 (80%), 3(60%), 9 (60%), 11 (60%), 16 (40%), 18 (60%), 21 

(60%), 6 (40%), 13 (40%), 15 (40%) and gains of 8p (80%) and 1q (60%) (Figure 44). 

Regarding LOH, there was not an enrichment in any chromosome in pHCC. 
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Figure 44. Copy number variations and allelic imbalances in pHCC. The upper panel represents copy number 

variations (CNVs) in primary tumors and the summary of frequencies. Lowe panel shows the LOH and their 

frequencies. Blue, gains; red, losses; light colors represent low percentage of cells with the CNV; purple, LOH. 

Black squares indicate FL-HCC variant. 
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4.3.2.6 Correlation of main genomic imbalances and their impact on 

patient prognosis 

The comparison of the chromosomal and allelic imbalances identified in HB 

and pHCC showed that pHCC are clearly enriched in chromosomal losses as 

compared the HB, which are mainly characterized by chromosomal gains and LOH 

in 11p15 (Table 29). 

We performed a univariate analysis in order to find correlations between the 

most common CNVs and LOH in HB, PDX and pHCC and HB patients’ outcome. As 

expected, chromosome 20 was significant. Interestingly, loss of chromosomes 4q, 11 

and 18 were predictors of poor outcome for HB patients. 
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Table 29. Comparison of the main genomic imbalances identified in HB, PDX and pHCC and 

univariate analysis. *1pHCC sample had LOH of the whole chromosome 11. The univariate 

analysis was performed with HB patients’ survival data. 

CNV HB (%) 
HB-PDX 

(%) 
pHCC (%) 

Univariate analysis 

Log-rank p-value 

+20 54 100 20 0.046 

+1q 51 90 60 0.101 

+2 48 72 20 0.254 

+8 38 54 80 (+8q) 0.361 

+12 35 45 0 0.293 

+17 35 72 0 0.123 

-1p 22 9 80 0.126 

-4q 22 45 60 0.028 

LOH 11p15 48 54 25* 0.238 

-14 0 18 80 - 

-3 3 9 60 - 

-9 0 9 60 - 

-11 9 27 60 <0.0001 

-16 0 18 60 - 

-18 12 18 60 0.001 

-21 3 27 60 - 

-6 3 0 40 - 

-13 0 18 40 - 

-15 0 18 40 - 

LOH 3 3 18 25 - 

LOH 8q 0 27 0 - 
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4.3.2.6 Prognostic genomic classification in HB 

After the observation that PDX and pHCC, which have more aggressive 

behavior, showed an increased number of losses as compared to HB and giving 

that some of those losses are associate with poor outcome in HB patients, we aimed 

to classify HB tumors according to their CNV profile and to study the impact of this 

profile in tumor prognosis. 

Thus, we defined 3 classes of HB based on their CNV profile: tumors with few 

and small aberrations were defined as “Stable” which showed a specific CNV profile 

characterized by small (≤2153kb) and scattered losses. Tumors with gains involving 

at least ½ chromosomal arm but no big losses as “Gains-enriched” and tumors with 

big chromosomal losses involving at least ½ chromosomal arm as “Losses-enriched” 

(Figure 45A).   

In our cohort, 7 patients (22%) were classified as “stable” and showed only 

punctual alterations (number: 1-7) and interestingly, mainly losses (only 2/7 patients 

had gains). Any of these losses were present in more than 1 tumor. Ten patients (32%) 

were classified as “gain-enriched” and the main CNV showed were +20 and 2q 

(80%), +12, +17q, +2p (60%), +8, +7 (50%) and +1q (40%). Finally, 14 patients (45%) 

were classified as “loss-enriched” and were mainly characterized by -4q (50%), -1p 

(42%) and -18 (28%). Interestingly, the “loss-enriched” subclass showed also high 

incidence of gains. Although 71% of the losses-enriched tumors showed -1p, -4q 

and/or -18, four tumors (29%) had different losses involving at least ½ chromosomal 

arm, these are: -X/Xq (2 samples), -14q (1 sample) and -15p (1 sample) (Figure 

45B&D).  

This genomic classification is strongly correlated with patient event free 

survival and patients with a stable phenotype had 100% probabilities of EFS 

compared to the gains-enriched with 70% and losses-enriched with 39% probabilities 

of EFS (log rank p-value=0.010) (Figure 45C). 
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Figure 45. Genomic classification of HB. HB tumors were classified according to their CNV 

profile in stable, gains-enriched or losses-enriched (A). Summary of the CNVs in the 3 groups 

(B). Kaplan-Meier curve of the patients classified according to the genomic classification 

(C). Main CNV frequencies in the different groups (D). 
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Interestingly, the bivariate analysis showed a significant association of the 

genomic classification with the presence of CTNNB1 gene mutations in addition to 

event free survival (Table 30). 

Table 30. Association of clinical, pathological and molecular data to the genomic 

classification of HB. 

1, VPEFR, presence of at least one of the following characteristics: involvement of 

vena cava, involvement of portal veins, extrahepatic disease, multifocal tumor, 

tumor rupture (Meyers et al., 2017) 

 

 

Variable 
 Stable  

N (%) 

Classic  

N (%) 

Unstable 

N (%) 
p-value 

Event Free Survival 
Alive 6 (21) 7 (25) 4 (14) 

0.017 
R or DOD 0 (0) 3 (11) 8 (29) 

Overall Survival 
Alive 6 (21) 8 (29) 9 (32) 

0.684 
DOD 0 (0) 2 (7) 3 (11) 

VPEFR+1 
No 5 (17) 8 (28) 3 (10) 

0.088 
Yes 2 (7) 3 (10) 8 (28) 

Age > 3 years 
No 4 (14) 9 (31) 8 (28) 

0.511 
Yes 3 (10) 2 (7) 3 (10) 

Age > 8 years 
No 7 (23) 10 (33) 10 (33) 

0.772 
Yes 0 (0) 1 (3) 2 (7) 

AFP 100-1000ng/mL 
No 5 (17) 11 (38) 11(38) 

0.051 
Yes 2 (7) 0 (0) 0 (0) 

AFP>106ng/mL 
No 6 (21) 9 (31) 8 (28) 

0.638 
Yes 1 (4) 2 (7) 4 (14) 

Metastasis at 

diagnosis 

No 6 (21) 8 (29) 6 (21) 
0.593 

Yes 1 (4) 3 (11) 4 (14) 

Vascular Invasion 
No 5 (18) 7 (25) 4 (14) 

0.302 
Yes 2 (7) 3 (11) 7 (25) 

Multifocality 
No 6 (21) 9 (32) 5 (18) 

0.278  
Yes 1 (4) 2 (7) 5 (18) 

16-gene signature 
C1 5 (17) 5 (17) 5 (17) 

0.524  
C2 2 (7) 6 (20) 7 (23) 

3 protein signature 
0 2 (10) 5 (26) 3 (16) 

0.840 
1, 2 or 3 2 (10) 3 (16) 4 (21) 

CTNNB1 mutations 
No 5 (17) 2 (7) 2 (7) 

0.033 
Yes 2 (7) 9 (30) 10 (33) 

NFE2L2 mutations 
No 7 (23) 10 (33) 10 (33) 

0.772  
Yes 0 (0) 1 (3) 2 (7) 

EPHB4 mutations 
No 7 (23) 19 (63) 11 (37) 

0.999 
Yes 0 (0) 1 (3) 1 (3) 
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In order to validate the impact of the reported genomic classification on 

patient prognosis, we assessed it in already published genomic data obtained from 

21 and 24 HB patients cohorts (Cairo et al., 2008; Sumazin et al., 2017). As we did for 

our series of patients, tumors were classified as follows: Stable, tumors without any 

CNV bigger than ½ chromosomal arm; “Gains-enriched”, at least one gain affecting 

½ chromosomal arm and no losses bigger than this; Losses-enriched, at least one 

loss involving ½ chromosomal arm.  

The results confirmed that the genomic classification previously defined is 

significantly correlated with patient overall survival, as stable or classic tumors had 

100% of survival as compared to unstable tumors, which had 46-64% of survival 

(Figure 46). The unstable phenotype is also associated to multifocallity (Fisher test 

p=0.0237) and metastasis at diagnosis (Fisher test p=0.0124) in the Cairo et al. cohort. 

 

 

 

 

 

Figure 46. Genomic classification validation. The genomic classification was validated using 

2 independent cohorts already published in Cairo et al., 2008 (A) and Sumazin et al., 2017 (B). 
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4.3.3 Molecular classification of HB  

Interestingly, the “losses-enriched” subclass of tumors according to the 

genomic classification is characterized by having more features of aggressiveness, 

worse event free survival, higher rates of CTNNB1 mutations, higher expression of 

C1QBP and CKAP4, lower levels of editing and decreased nt5 BLCAP editing and 

ADAR2 gene expression, as well as higher expression of stem cell markers and YAP 

target genes (Figure 47). 

Figure 47. Molecular classification of HB. Genomic classification; grey, stable; blue, gains-

enriched; red, losses-enriched; CHIC-HS: green, low risk; yellow, intermediate risk and orange, 

high risk. PRETEXT stage, from lighter to darker grey, PRETEXT I/II/III/IV. 3-protein signature: 

green, 0; yellow, 1; orange, 2 and red, 3.Black squares, yes; grey squares; no; white squares; 

NA. Editing index (ALU and non-ALU), RNAseq data; edited nt5 BLCAP levels, ddPCR data; 

ADAR2 gene expression, qPCR data. 3-protein, stem cell markers and YAP targets gene 

expression, array data. 
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The present thesis has contributed to the creation of the first collection of 

biological samples from pediatric liver tumors in Spain. Moreover, we have defined 

a 3-protein signature highly relevant for patient stratification and a genomic 

classification that increase the molecular knowledge of these tumors. The specific 

results of each study are discussed below.  

 

5.1 Sample collection and creation of a biobank 

Basic research of childhood liver tumors have been impaired by its rarity and 

the collection of tumor specimens both at diagnosis and surgery remains crucial to 

move forward better therapeutic strategies. Thus, the creation of the first collection 

of biological samples from pediatric patients with liver tumors in Spain as well as the 

associated clinical data is key for the study of these rare cancers and has been the 

basis of the studies of the present thesis. Thanks to the collaboration with 

multidisciplinary teams from 14 different hospitals in Spain, the proportion of 

pediatric patients with a liver tumor from which samples have been collected has 

been growing since 2009 (36%) to 2015 (100%), regardless of a considerable 

decrease in 2011 (23%). Nowadays, we are collecting about 80% of the cases 

diagnosed in Spain. Also, the establishment of solid collaborations with researchers 

of all over the world has allowed us to create one of the most complete series of this 

kind of childhood tumors. 

 

5.2 Proteomic study 

  
In childhood liver cancer, patient stratification is achieved by a 

multidisciplinary approach involving oncologists, surgeons and pathologists. This is 

mandatory in order to assign each patient the best treatment option. Despite the 

advances on pathological studies and clinical classification of this tumors, it is 

expected that biology will provide prognostic factors that will help defining therapy 

reduction in order to avoid toxicity in certain patients (López-Terrada et al., 2013). 

With the aim to identify new prognostic biomarkers easy to apply to the clinical 

practice, we performed a proteomic study of HB, which, to our knowledge, is the 
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first ever reported in these tumors. As previously described, HB can be classified in 2 

subtypes, named C1 and C2, based on a 16-gene signature. The C2 tumors 

represent the most aggressive form of HB, which resemble hepatic precursors of 

early liver development stages, show high proliferation rate, high chromosomal 

instability and are related to poor outcome (Cairo et al., 2008). Remarkably, our 

proteomic data confirmed the presence of these 2 HB subtypes, reinforcing the idea 

that the C1 and C2 tumors are characterized by strongly different gene expression 

and protein profiles. This result was observed independently of the proteomic 

technique used. As previously reported, it is interesting to notice in C1 tumors the 

presence of two β-catenin target proteins (CYP2E1 and GLUL) associated to the 

beta-catenin program of hepatic zonation (Benhamouche et al., 2006; Braeuning 

et al., 2006; Cairo et al., 2008) as well as genes related to hepatic function such as 

ALB and ALDH2, belonging the later to the 16-gene signature, (Cairo et al., 2008). In 

agreement also with previous data, we found protein overexpression of MYC targets 

such as NPM1 and NCL in the aggressive C2 tumors. Thus, proteomic data confirmed 

previous findings concerning the involvement of Wnt/β-catenin and MYC pathways 

in HB. 

 

The global proteomic analysis revealed a significant deregulation of the 

PI3K/Akt and Hippo pathways in HB that was further confirmed by the study of the 

phosphorylation status of key effectors from both pathways. The over-activation of 

the PI3K pathway in HB tumors was evidenced by higher phosphorylation levels at 

Ser473 of the Serine/Threonine-kinase Akt in tumors as compared with non-tumor 

samples. When PI3K is stimulated by a growth factor, it catalyzes the conversion of 

phosphatidylinositol-4,5-triphosphate (PIP2) to phopshatidylinostiol-3,4,5-

triphosphate (PIP3) which acts as a second messenger to recruit AKT to the plasma 

membrane where it is activated by 3-phosphoinositol–dependent kinases. Once 

AKT is activated, it phosphorylates several growth-controlling effectors regulating 

synthesis, stability or subcellular localization of the cell cycle regulators Cyclin D1, 

p21CIP1, and p27KIP1(Hartmann et al., 2009; Liu et al., 2009). The PI3K/Akt pathway over 

activation has been already reported in HB (Hartmann et al., 2009). Moreover, in 

vitro experiments have proved that blocking this pathway could be a good 
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therapeutic target for HB treatment  (Venkatramani et al., 2012) since its inhibition 

with specific inhibitors such as  LY294002 (Hartmann et al., 2009; Xia, Zhang and Ding, 

2014) and wortmannin (Grotegut et al., 2010) or the anti-proliferative compound 

emodin (Cui et al., 2016) led to increased apoptosis and decreased proliferation of 

HB cells such as HepG2, Huh6 and HepT1. Although the mechanism of 

overactivation of the PI3K signaling pathway in HB remains unclear, it could be a 

consequence of the IGF2 growth factor overexpression,  which signals through the 

PI3K pathway (Tomizawa and Saisho, 2006) rather than mutations in the PIK3CA 

gene, which are present in a small subset (2%) of HB tumors (Hartmann et al., 2009). 

Evidences of PI3K-signalling deregulation have been found in other childhood 

tumors such as medulloblastoma (Hartmann et al., 2006), neuroblastoma (Opel et 

al., 2007; King, Yeomanson and Bryant, 2015), wilms tumor (Polosukhina et al., 2017) 

and rhabdomyoscarcoma (Petricoin et al., 2007) as well as in adult cancers such as 

gliloblastoma, endometrial, HCC, melanoma, lung, renal-cell carcinoma, ovarian 

and breast cancer (Vivanco and Sawyers, 2002). Several mechanisms of PI3K 

pathway over-activation have been described, mainly PTEN down-expression, 

activation mutations of the PIK3CA gene or AKT amplification.  

 

Besides the deregulation of PI3K, we also proved the inactivation of the Hippo 

pathway. The Hippo pathway is a key regulator of hepatocyte differentiation and 

its inactivation drives to dedifferentiation and the acquisition of progenitor-like 

features (Yimlamai et al., 2014). When activated, the Hippo pathway leads to 

phosphorylation of the transcriptional coactivator YAP mediated by the kinases 

LATS1/2 which leads to cytoplasmic localization and proteolitic degradation of YAP. 

Contrarily, when YAP is activated, is able to go to the nucleus where interacts with 

the TEAD family of transcription factors and promotes gene expression of its targets 

survivin (BIRC5), connective tissue growth factor (CTGF) and cyclin D1 (CCND1) (Li 

et al., 2012; Yimlamai et al., 2014). The protein profiling of HBs indicated a strong 

inhibition of the pathway that was further supported by increased YAP levels in tumor 

samples, as well its phosphorylation status. Altogether, these findings suggest that 

high levels of free YAP could go to the nucleus to promote transcription of its targets 

to induce cell proliferation. Evidence of Hippo pathway deregulations have been 

https://www.ncbi.nlm.nih.gov/gene/595
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found in other cancer such as ovarian, gastric, colorectal, non-small cell lung 

cancer, and melanoma among others (Zygulska, Krzemieniecki and Pierzchalski, 

2017). Increased nuclear expression of its main effector, YAP, have been already 

proved in HB and in HCC, suggesting that the down regulation of this pathway is 

crucial for liver cancer progression (Li et al., 2012).  

 

The analysis of the differently expressed proteins in the 2 HB subtypes 

evidenced for the first time the over-activation eIF2 pathway in aggressive tumors. 

The activation of the eIF2 pathway is a consequence of the integrated stress 

response (ISR) which can be triggered by many cellular stresses  (i.e. oncogene 

activation) that converge in the phosphorylation on Ser51 of the α regulatory unit of 

eIF2 and suppress the initiation of mRNA translation. Additionally to the reduction of 

the protein synthesis, EIF2α phosphorylation (p-EIF2 α) also allows the translation of 

specific genes such as activating transcription factor 4 (ATF4) aiding cell survival and 

recovery.  The final outcome of the ISR depends on the duration and intensity of the 

stimuli and can also lead to cell death. Thus, it is a crucial step for the cells to adapt 

under stress conditions and eIF2α phosphorylation seems to be key during tumor 

initiation and progression (Zheng, Ye and Cao, 2014). In fact, in vitro models have 

shown that low levels of p-EIF2α leads to malignant transformation of murine NIH 3T3 

cells (Donzé et al., 1995). Our results show that total eIF2α levels are increased in 

aggressive C2 tumors, while its phosphorylation at Ser51 is decreased, suggesting 

that the pathway is activated. Interestingly, low p-EIF2α levels have also been 

observed in human osteosarcoma versus normal tissue (Wimbauer et al., 2012), and 

in non-small cell lung cancer patients, higher p-EIF2α levels were associated with 

better outcome (He et al., 2011). Remarkably, elevated levels of eIF2α compared to 

matched non-tumor tissue have been showed by IHC in many cancer types 

including gastrointestinal carcinomas, branchioloalveolar carcinomas of the lung 

and malignant melanoma (Zheng, Ye and Cao, 2014).  

 

The study of differential expressed proteins between C1 and C2 tumors led as 

to the definition of a protein signature useful to stratify patients according to their 

prognosis. The protein signature identified was validated by 2 independent 
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techniques and includes a combination of 3 biomarkers: CKAP4, C1QBP and CRYL1. 

Individually, the alteration of the 3 biomarkers were associated with features of poor 

prognosis such as high tumor proliferative index and higher patient age at diagnosis. 

Cytoskeleton associated protein 4 (CKAP4) is a transmembrane protein that 

is mainly located in the endoplasmic reticulum and it has a key role maintaining 

endoplasmatic reticulum structure (Li et al., 2013). However, it has been recently 

reported that it can be expressed in the cell surface membrane, where it can bind 

to Dickkopf-1(DKK1) protein and their interaction can promote cell proliferation by 

the activation of the PI3K/Akt signaling pathway (Kikuchi, Fumoto and Kimura, 2017).  

Moreover, β-catenin is a target of DKK1 (Liang Chen et al., 2013), which is an 

antagonist of the Wnt signaling pathway. The results of our IHC study revealed that 

over-expression of CKAP4 at protein level occurred in 46% of HBs, 67% NOS and 80% 

pHCC and was significantly correlated with poor patient outcome. Although CKAP4 

overexpression have not been described in HB so far, DKK1 up-regulation have 

already been reported in HB (Wirths et al., 2003) and HCC both in tissue  (Yu et al., 

2009; Tao, Liu and Liu, 2013) and in plasma (Shen et al., 2012; Yang et al., 2013; Kim 

et al., 2015; Fouad et al., 2016). In addition, in vitro experiments have demonstrated 

that DKK1 could promote HCC cell line invasion and metastasis  (Liang Chen et al., 

2013; Tao, Liu and Liu, 2013; Kim et al., 2015). Overexpression of CKAP4 has been 

described in other cancers such as pancreatic and lung tumors (Kimura et al., 2016). 

In liver cancer, CKAP4 protein has been also reported to be overexpressed in more 

than 50% of intrahepatic cholangiocarcinoma (ICC) as well as in more than 60% of 

HCCs (Li et al., 2013; Li, Tang, et al., 2014). However and in contrast to our results in 

HB, higher levels of CKAP4 were associated with better outcomes for both ICC and 

HCC patients. Additionally, the same authors showed using SMMC-7721, PLC/PRF-5, 

and MHCC-LM3 HCC cell lines that CKAP4 expression decreased cell proliferation 

and colony formation (Li, Liu, et al., 2014). The different results obtained could be 

explained by differences in the oncogenic pathways altered in adult and childhood 

liver cancer. It has been described that CKAP4 overexpressing tumors have worse 

outcome when DKK1 is also overexpressed (Kimura et al., 2016), and we hypothesize 

that the oncogenic effect of CKAP4 in HB could be mediated by the increased 

https://www.ncbi.nlm.nih.gov/pubmed/25965442
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expression of DKK1. It has been previously described that their interaction could lead 

to PI3K/Akt pathway activation (Kikuchi, Fumoto and Kimura, 2017).  

 

Complement C1q binding protein (C1QBP), also known as hyaluronan 

binding protein (HABP1), is a multifunctional and multicompartmental protein 

involved in inflammation, infection processes, ribosome biogenesis, regulation of 

apoptosis, transcriptional regulation and pre-mRNA splicing. C1QBP is known to bind 

to C1q molecule and inhibit C1 activation thus inhibiting the first component of the 

serum complement system, and therefore, C1QBP could play a role in the immune 

evasion, angiogenesis and metastatic processes crucial for cancer development 

(Peerschke and Ghebrehiwet, 2014). Among its functions, it can bind coagulation 

factor XII leading to its autoactivation and the secreted form may enhance both 

extrinsic and intrinsic coagulation pathways. C1QBP can be also located in the 

mitochondria where it is a critical regulator of tumor metabolism by controlling the 

balance between oxidative phosphorylation and glycolysis. Interestingly, it has 

been reported that C1QBP play a role in mediating MYC-induced glutamine 

metabolism and that C1QBP is a direct transcriptional target of Myc (Fogal et al., 

2010).  Our results showed that C1QBP was over expressed in 51% of HB, 33% of NOS 

and 80% pHCC and its overexpression in tissue but also plasma is associated with 

advanced tumor features.  Similarly, high levels of C1QBP has been reported in 

several tumors including breast (Y.-B. Chen et al., 2009; Yu and Wang, 2013; Niu et 

al., 2015; Scully et al., 2015; Wang et al., 2015), ovarian (Yu and Wang, 2013; Yu et 

al., 2013) endometrial (Zhao et al., 2015), gastric (Gao et al., 2016), prostate 

(Amamoto et al., 2011), brain (Fogal et al., 2010) and cervical cancers (Zhang et al., 

2017) as well as in epidermal carcinoma (Ghosh et al., 2004). Moreover, in vitro 

experiments have already reported that stable C1QBP gene transfection in HepG2 

HB cells leads to enhanced cell survival and tumorigenicity as well as higher 

expression of hyaluronan (HA). Interestingly, HA is accumulated in several human 

tumors and induces cell survival through the activation of AKT and β-catenin 

pathways (Kaul et al., 2012). Beside its role as a biomarker, it could have a role as 

therapeutic target as antibody neutralization of cell-surface C1QBP inhibited 
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angiogenesis by preventing lamellapodia formation and cell migration in HUVEC 

cells (Kim et al., 2016).  

 

Crystallin lambda 1 (CRYL1) is an enzyme that catalyzes the dehydrogenation 

of L-gulonate into dehydro-L-gulonate in the uronate cycle, which is an alternative 

glucose metabolic pathway that accounts for about 5% of daily glucose catabolism 

and also is a structural protein in eye lens. In our IHC studies, we could not detect 

CRYL1 protein staining in 8% of HB, 16% of NOS and 60% of pHCC. Interestingly, the 

loss of CRYL1 expression was associated with decreased survival. The alteration of 

CRYL1 has been reported in HCC in which low mRNA levels are found in about 60% 

of HCC tissues as compared to normal liver (Chen et al., 2003) but not in other 

cancers, . Among the causes for CRYL1 Inactivation in HCC, it has been reported so 

far homozygous deletion of the locus 13q12.11, histone deacetylation and promoter 

hypermethylation (Cheng et al., 2010). Interestingly, it has been recently published 

that a fusion transcript involving CRYL1-IFT88 is present in 9.5% of HCC (Huang et al., 

2017).  

 

In this study we have seen that the combination of these three biomarkers in 

the 3-protein signature, has a powerful prognostic impact and the main advantage 

in comparison with the 16-gene signature is that it could be easily applied into the 

clinical practice by performing an IHC using the non-tumor liver tissue as a 

reference. It is also notably that the described signature is useful to predict prognosis 

not only for HB patients, but also for NOS and pHCC developed in healthy liver 

patients, even though it cannot be used as a diagnostic signature. Although our 

results suggest that these 3 biomarkers may have a role in HB development and 

progression, functional studies are needed to uncover whether they are a cause or 

a consequence of the malignant transformation of HB. Currently, HB patients are 

stratified using the recently published CHIC-HS method in which patients are 

classified according to PRETEXT stage, presence of metastasis, age, AFP levels, 

presence of vascular invasion, extrahepatic disease, multifocal tumor and rupture 

at diagnosis (Meyers et al., 2017). Thus, patients are classified into 4 groups: very low, 

low, intermediate and high risk which will receive different treatment. Importantly, 
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the 3-protein signature has been identified as an independent prognostic factor 

together with the current clinical classification. Accordingly, we have seen that it is 

able to improve the clinical classification having a strong impact on patient survival 

(EFS and OS) especially for intermediate patients. Thus, applied to those patients 

classified as intermediate by the CHIC-HS, it is useful to distinguish biologically 

aggressive tumors that could require stronger chemotherapy treatment as well as 

biologically less-aggressive tumors that could benefit of lower chemotherapeutic 

doses and consequently, have less side effects related to this treatment.  

 

It is well known that post-chemotherapy HB specimens frequently present 

regressive and necrotic changes (Wang et al., 2010) which apart of modify the 

original histology, can induce genetic alterations. For this reason, the study of pre-

treatment specimens is crucial. Thus, one of the limitations of our study is the 

restricted number of non-treated specimens. Even though almost all the patients 

included in the discovery set (15/16) had received preoperative chemotherapy, the 

validation set included 43 pre-treatment specimens. The survival analysis classifying 

the patients with the clinical stratification and the 3-protein signature showed similar 

trends that the whole validation set together. In summary, the 3-protein signature 

defined could be also applied at diagnosis. In that regard, a prospective study is 

necessary to confirm the prognostic prediction of the 3-protein signature in 

diagnostic specimens of childhood patients with liver cancer. 
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5.3 Genomic and RNAseq study 

 

The RNAseq and genomic study revealed that HB tumors harbour few 

somatic mutations mostly affecting the Catenin Beta 1 (CTNNB1) gene as well as no 

recurrent fusion proteins. Interestingly, these tumors can be classified according to 

their CNV profile, which is directly correlated with patient outcome. Thus, tumors with 

high incidence of chromosomal losses are more aggressive and correlate with worse 

patient outcome than patients with tumors with no gross chromosomal changes or 

mainly gains. 

 

Fusion proteins have been identified in several pediatric tumors such as BCR-

ABL1 in 3% of acute lymphoblastic leukemia (Boer and den Boer, 2017), PAX-FOXO1 

fusion in 80% of alveolar rhabdomyosarcoma (Sorensen et al., 2002) or the DNAJB1-

PRKACA fusion protein in around 80% of FL-HCC (Honeyman et al., 2014; Cornella et 

al., 2015; Darcy et al., 2015). However, so far aside from the last, no other recurrent 

chimeric proteins have been described in pediatric liver tumors. Our results revealed 

that HB and NOS tumors do not present recurrent fusion proteins. Thus we identified 

4 fusion events, each of them in a single and different patient, ruling out their role in 

HB oncogenesis. 

 

 The mutational analysis done with the RNAseq data and the further 

validation study confirmed that the top mutated gene in HB is CTNNB1, confirming 

β-catenin mutations  as a hallmark in HB (Armengol et al., 2011). The second most 

frequent mutated gene observed in 6% of the cases (3/52) is Nuclear Factor, 

Erythroid 2 Like 2 (NFE2L2). All the mutations were located in the second exon of the 

gene, affecting nucleotides codifying for residues that are recognized by the 

KEAP1/CUL3 complex for proteasomal degradation. Mutations in this domain of 

NEF2L2 have been already reported in HB (Eichenmüller et al., 2014). Intriguingly, the 

3 cases harboring NFE2L2 mutations occurred in CTNNB1 mutated cases and 

confirmed previous data in both HB (Eichenmüller et al., 2014) and HCC (Guichard 

et al., 2012). We also identified 2 different mutations in the EPH receptor B4 (EPHB4) 

gene in 4% of HBs (2/52%). Alterations of this gene in liver tumors have not been 
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reported so far. Ephrin receptors, which represent a large family of receptor tyrosine 

kinases, and their ligands have key roles in several developmental processes. 

Particularly, the EPHB4 receptor, which binds to ephrin-B2, is crucial in vascular 

development and it has been reported to regulate vascularization of malignant 

tumors (Chen, Zhang and Zhang, 2017). Mutations of the EPHB4 gene have been 

already reported in glioblastoma, which correlates with increased gene expression 

(Masica and Karchin, 2011). Interestingly, over expression of the EPHB4 gene has 

been observed in breast cancer  (Kumar et al., 2006) and lung cancer (Ferguson et 

al., 2015). In contrast to the EPHB4 status in breast and lung cancer, it seems to have 

a tumor suppressor role in colon cancer in an in vivo model (Dopeso et al., 2009).  

 

As a part of the characterization of our cohort, we sequenced Telomerase 

Reverse Transcriptase (TERT) promoter looking for mutations. A single event (146G>A) 

was identified in a patient with a NOS tumor. The same change have been already 

described in NOS (Eichenmüller et al., 2014) and also in medulloblastoma (Viana-

Pereira et al., 2017). Interestingly, Eichenmüller et al. studied recurrent mutations in 

15 HB tumors and 3 NOS tumors and found that TERT promoter mutations were 

exclusively found in the second, suggesting that TERT promoter mutation is a 

selective phenomenon of advanced HB with HCC-like features and that it could be 

used as a marker for the detection of high-risk patients.  

 

The most interesting finding obtained from the mutational analysis is the 

mutation in the Bladder Cancer Associated Protein (BLCAP) RNA in 29% (9/31) of the 

cases. Despite mutations could not be validated at DNA level, we found them in the 

BLCAP RNA in both tumor and non-tumor tissue. After that, the quantification of the 

mutated nucleotide by ddPCR allowed us to confirm the over-representation of the 

edited transcript (5A>G) of BLCAP in 58% of HBs as compared to non-tumor tissue. 

Despite the fact that the biological role of BLCAP have not yet been discovered, It 

is known that BLCAP is  ubiquitously expressed and also down-regulated at mRNA 

level in different tumors such as bladder invasive carcinoma, renal cell carcinoma 

and in primary cervical carcinoma (Galeano et al., 2010) and for this reason is 

supposed to be a tumor suppressor gene. Editing in different positions of BLCAP has 
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already been reported, among them the 5A>G that leads to a change of 

aminocaid (Tyr2Cys) (Levanon et al., 2005; Galeano et al., 2010). Interestingly, Hu et 

al. identified BLCAP over-editing of 5A>G in 40% of HCCs (Hu et al., 2015).  

 

The finding that BLCAP was in fact edited but not mutated, led us to the 

analysis of editing status in HB, revealing for the first time, a clear deregulation of 

RNA editing in this tumor. Our results revealed that, globally, HB tumors are under-

edited, meaning that most of the edited sites have lower frequencies of the edited 

allele than the non-tumor tissue and additionally, our results showed that lower 

editing index leads to poor patient outcome. RNA editing is a posttranscriptional 

mechanism which introduces changes in the RNA sequences encoded by the 

genome and despite the evidence of other type of nucleotide changes, the most 

frequent change of nucleotide in the RNA is the substitution of an adenosine for an 

inosine (AI), which is read by the translation machinery as a guanosine (G) 

(Nishikura, 2010). As we observed in HB, it has been already reported that most 

editing events occur in noncoding genes, introns and untranslated regions of 

specific genes, however, as it happens with BLCAP, these events also can be 

present in coding regions and can lead to a change of aminoacid altering the 

protein-coding sequence of the edited gene (Peng et al., 2012) and therefore 

contribute to the diversification of protein functions (Nishikura, 2010). Interestingly, 

Han et al., reviewed the AI editing profiles of more than 6000 patient samples from 

17 cancer types and observed that the different cancer types show diverse editing 

deregulation, thus, head and neck squamous cell carcinoma, breast invasive 

carcinoma, thyroid carcinoma, and lung adenocarcinoma tumors presented over-

editing patterns while kidney tumors presented under-editing. Curiously, some tumor 

types, including HCC, presented similar number of up and down-edited sites (Han 

et al., 2015). In contrast, another study found significantly higher editing in HCC than 

in adjacent normal tissue (Kang et al., 2015). Deregulation editing of specific genes 

in adult HCC have been reported, such as antizyme inhibitor 1 (AZIN1) (Leilei Chen 

et al., 2013), aryl hydrocarbon receptor (AHR) (Nakano et al., 2016), filamin B (FLNB) 

and  coatomer protein complex subunit alpha (COPA) (Chan et al., 2014), as well 

as in specific miRNA such as pri-miR-214 (Liu et al., 2013). So, regulation of the editing 
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process is globaly deregulated in HB as in other tumors and specific sites of editing 

(i.e. BLCAP) could play a role in liver tumorigenesis. 

The editing mechanism is mainly regulated by specific enzymes called 

adenosine deaminase acting on RNA (ADAR). The ADAR enzymes convert 

adenosine to inosines in double-stranded RNA (dsRNA) substrates (Nishikura, 2010; 

Peng et al., 2012). Until now, 3 ADAR enzymes have been identified, ADAR1 and 

ADAR2, which are broadly expressed and active and ADAR3 which is present only 

in the brain and seems to be inactive in in vitro assays and may have a regulatory 

role instead (Chen et al., 2000). Our results showed that ADAR2 is significantly over 

expressed in HB as compared to non-tumor tissue and significantly correlated with 

BLCAP nt5 editing, while ADAR1 is not. Thus, in contrast to the observation made by 

Hu et al, who concluded that ADAR1 was the one mediating RNA editing of BLCAP 

(Hu et al., 2015), our results suggest that in HB the enzyme responsible could be 

ADAR2. However, further functional studies should be performed to confirm which 

enzyme is the responsible of this editing deregulation.   

The high resolution array used evidenced that main CNVs in HB are gains of 

whole chromosomes or chromosomal arms, while losses are less frequently observed 

and correlate with poor patient outcome. According to our results, 100% of HBs show 

at least one CNV, either gain or loss, and the most frequent CNVs are +20 (54%), +1q 

(51%), +2 (48%), +8 (38%), +12 (35%), +17 (35%) -1p (22%) and -4q (22%). 

Chromosomal imbalances in HB have been extensively studied and despite the 

rarity of the tumor, the CNV profiles of more than 300 patients have been published 

and reviewed in the present thesis. Even though the different techniques used, the 

results of the above mentioned studies concluded that a mean of 81% of the tumors 

had CNVs (Steenman et al., 1999; Weber et al., 2000; Gray et al., 2000; Hu et al., 

2000; Parada et al., 2000; Kumon et al., 2001; Mullarkey et al., 2001; Surace et al., 

2002; Sainati et al., 2002; Terracciano et al., 2003; Adesina et al., 2007; Suzuki et al., 

2008; Stejskalová et al., 2009; T. T.-L. Chen et al., 2009; Arai et al., 2010; Eichenmüller 

et al., 2014; Sumazin et al., 2017). In our series, we are able to detect CNV in 100% of 

the cases; this difference could be explained by the high resolution technique used 

in this work compared with the techniques used in the previous reports, mainly based 
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on aCGH or FISH. Gain of chromosome 20 is highly enriched in our series, present in 

54% of the tumors as compared to 23% in the previously described series. This 

enrichment could be explained by the high number of aggressive cases in our series, 

as chromosome 20 has been already reported as a prognostic factor for HB (Weber 

et al., 2000; Sainati et al., 2002). Gain of 8q have also been described as a prognostic 

factor (Weber et al., 2000; Sainati et al., 2002) in contrast to our results, which did not 

reach significance in the univariate analysis. The role of the gain of 8q in tumor 

aggressiveness could be connected with the overexpression of the oncogene C-

MYC (Buendia, 2002) or the PLAG1 oncogene and transcriptional activator of IGF2 

(Zatkova et al., 2004). However, due to the fact that the whole chromosome 20 is 

gained, it is difficult to know which gene or genes are responsible of the oncogenic 

features of this chromosomal imbalance. A part of the gain of chromosome 20, the 

univariate analysis showed that losses of chromosomes 4, 11 and 18 are also 

significantly associated with worse patient outcome. 

 

Mosaicism in our samples can be explained not only due to intra-tumor 

heterogeneity, but also as non-tumor cells contaminating the tumor sample as well 

as by the presence of infiltrating cells. Interestingly, the comparison between primary 

tumors and their PDX, reveals and increased % of cells carrying the CNV in the PDXs, 

which could be a consequence of the engraftment pressure, which leads to a 

positive selection of the most aggressive clones. However, this pressure is 

evolutionarily neutral, as it does not impact intra-tumor heterogeneity (Byrne et al., 

2017). 

 

Even though we detected some gains with a CN>3, those were too big to 

predict which gene contained in these regions could have a role in the 

development of HB. On the other hand, we focused on homozygous deleted 

regions in order to identify tumor suppressor genes important for the development 

of HB. The analysis allowed us to discover several genes deleted in HB that could be 

important for its development, namely: mir137, previously described as tumor 

suppressor gene in HCC (Gao et al., 2015); SNX7, that have been reported to be 

deleted in cisplatin-resistant ovarian cancer cells (Prasad et al., 2008); LINC00290 
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deleted in childhood adrenocortical tumors (Letouze et al., 2015); and IRF2, which 

have tumor suppressor functions in gastric cancer (Li et al., 2016) and in hepatitis B 

virus-related HCC, being mutated in 5% of the tumors and is a regulator of the p53 

pathway (Guichard et al., 2012). Additional studies should be perform in order to 

uncover its role in HB tumorigenesis. 

 

The genomic study of HB-PDX samples showed that PDX really resemble the 

CNV profile of their primary tumors and that most of the CNVs are enriched in PDX. 

Interestingly, there is an increased frequency of chromosomal losses in successfully 

grown PDX. Moreover, all the analyzed PDX had gains of chromosome 20, 

suggesting that the gain of this chromosome already reported as a characteristic of 

aggressive tumors (Weber et al., 2000; Sainati et al., 2002) makes the tumors more 

able to successfully engraft and grow in a new environment. All these findings 

actually support the idea that PDX mainly develop from aggressive tumors or tumor 

components (Nicolle et al., 2016). Thus, PDX could be considered a good model for 

the study of childhood liver tumors, such as HB. 

 

The genomic study of pHCC confirmed a much more altered chromosomal 

profile than HB, similar to that reported for adult HCC (Buendia, 2002). Importantly, 

we have seen that pHCC is characterized for highly frequent losses and less 

abundant gains in contrast to HB tumors. One of the analyzed cases with a 

fibrolamellar variant had no big CNVs. The main CNVs in our series were +8q,    -1p 

and -14 present in 80% of patients. Interestingly, gain of 1q, that was present in 60% 

of the analyzed cases, has been described as an early event in adult HCC 

(Midorikawa et al., 2009). Regarding LOH, we did not found an enrichment of a 

specific LOH in contrast to 11p15 in HB or what have been reported for adult HCC, 

in which LOH in 1p and 17q have been described in al 36% and 42% of cases, 

respectively (Midorikawa et al., 2009). 

 

After the observation that aggressive forms of liver tumors, such as pHCC and 

also PDX had an enrichment of losses compared to HB, we established a genomic 

classification of HB based on the type (gain/loss) and length of the CNVs. Thus, we 
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described 3 different genomic subtypes of HB: the stable, with a specific profile 

characterized by small aberrations, mainly losses, scattered across the genome. 

Curiously, 2 cases presented CTNNB1 mutations as a unique event (no big CNV), 

similar seen by (Eichenmüller et al., 2014).The gains-enriched subclass was 

characterized by chromosomal gains, mainly affecting whole chromosomes or 

chromosomal arms. And finally, the loss-enriched class which includes tumors having 

loss of 1p or 4q or another whole chromosome lost. This classification was successfully 

validated with two published cohorts in which stable and classic tumors correlated 

with 100% of patient survival compared to unstable tumors. Despite the fact that 

previous reports didn’t found a correlation with the number of alterations and 

survival (Weber et al., 2000; Sumazin et al., 2017) our genomic classification is strongly 

associated with patient survival and interestingly, the stable class is characterized 

for low incidence of CTNNB1 gene mutations, suggesting a different oncogenic 

mechanism of these tumors.  
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Proteomic study 

- The proteomic profile of the tumors is different from the non-tumors and is useful to 

distinguish the two C1 and C2 HB subclasses, previously identified by gene 

expression profiling.  

- Hepatoblastoma tumors have an over-activation of the PI3K/Akt pathway and an 

inactivation of the Hippo pathway as confirmed by differential phosphorylation of 

main effectors.  

- Aggressive Hepatoblastoma C2 tumors have an over-activation of the EIF2 

pathway. 

- The defined a 3-protein signature is strongly associated with patient survival based 

on the altered protein expression of 3 biomarkers in tumor tissues as compared to 

non-tumor tissue as a reference. 

- The 3-protein signature is useful for the prognostic stratification of pediatric liver 

cancer patients and improves the current clinical stratification. The 3-protein 

signature could be easily applied at the clinical practice by performing an 

immunohistochemistry.  

- The 3-protein signature is useful to predict the prognosis of not only 

Hepatoblastoma patients, but also of NOS and pHCC patients. However, a 

validation study with an extensive cohort of patients is needed. 

- Elevated plasma levels of C1QBP could be useful to detect pediatric patients with 

aggressive liver tumors; however, a validation in a large cohort of prospective 

patients is required to determine its utility in the clinical practice.  
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Genomic and RNAseq study 

- RNAseq data have confirmed that Hepatoblastoma is a tumor with low mutation 

rate and has allowed to confirm mutations of CTNNB1 (75%), NFE2L2 (6%) and to 

identify mutations in a third most frequent gene, EPHB4 (4%). 

- Contrarily to other pediatric tumors, RNAseq data showed that Hepatoblastoma 

do not have recurrent oncogenic fusion transcripts. 

- We have identified for the first time a global down-regulation of RNA editing in 

Hepatoblastoma associated with patient outcome.  

- We have also identified a specific over-editing of BLCAP mRNA in 58% of the HBs. 

- Alterations in ADAR2 gene expression are associated with BLCAP RNA editing 

deregulation in Hepatoblastoma. 

- The genomic analysis allowed as to identify chromosomal imbalances associated 

to poor outcome, namely gain of chromosome 20 and losses of chromosomes 4, 11 

and 18. 

- By comparing the genomic data (CNV and LOH) of primary tumors and their PDX, 

we confirmed that PDX properly resemble the tumors from which they originate and 

strongly support their use as a model for this disease. 

- We have defined a new genomic classification in which we distinguish tumors with 

a stable chromosomal phenotype with scattered small chromosomal losses, tumors 

enriched with chromosomal gains and finally, tumors with an enrichment of large 

chromosomal losses. 

- The tumors classified as “loss-enriched” according to the genomic classification 

have a poor outcome. 

- The loss-enriched tumors are also associated with CTNNB1 mutations, increased 

expression of stem cell markers, YAP target genes and decreased levels of editing. 
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