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ABSTRACT 

GATA transcription factors are evolutionary highly conserved zinc-finger proteins. 
They are essential for the normal differentiation of various tissues, and their aberrant 
expression has been connected to several diseases including malignancies. GATA4 
and GATA6 are indispensable for early development of the mammalian liver, but their 
expression is low in normal postnatal hepatocytes.  
 
Hepatoblastoma (HB) is a rare liver malignancy of small children, with a largely 
unknown etiology and molecular pathology. Histologically HBs resemble fetal or 
embryonal liver tissue synthesizing alphafetoprotein, used as a diagnostic marker. 
Biliary atresia (BA) is a neonatal cholestatic condition caused by fibroinflammatory 
obstruction of the extrahepatic bile ducts, with subsequent histological changes in 
liver, including fibrosis and expansion of the intrahepatic bile ductules.   
 
In this thesis work, we demonstrate that GATA4 is frequently overexpressed in 
childhood HB unlike in normal liver hepatocytes or adulthood liver tumors. The 
effects of GATA4 in HB cell malignancy were studied in vitro utilizing an established 
human HB cell line HUH6. GATA4 expression was modified in these cells by siRNA, 
adenoviral vectors, or plasmid constructs. The changes in cell function and gene 
expression were subsequently analyzed. We found that GATA4 1) protects HB cells 
from the commonly used cytostatic drug doxorubicin by regulating the BCL2 protein 
family balance in the intrinsic apoptotic pathway, and 2) shifts the transcriptomic 
profile of HB cells to more mesenchymal-type and enhances their migration, thus 
promoting cancer cell survival and metastasis.  
 
A second focus of this thesis is the role of GATA6 transcription factor in BA 
pathogenesis. We found that GATA6, normally restricted to biliary epithelium in 
postnatal liver, is highly expressed in the hepatocytes of BA patients, i.e. in regions of 
ductal metaplasia known to lead to pathological changes in BA livers. GATA6 
expression levels correlate to known prognostic markers, including bile ductule 
expansion and age at portoenterostomy. The expression of GATA6 decreases 
significantly after successful portoenterostomy and resolution of cholestasis. 
Analogously to its increased expression in BA, GATA6 is also upregulated in the 
hepatocytes of two mouse models with biliary obstruction. Furthermore, forced 
expression of GATA6 in human primary hepatocytes and human hepatoma cell line 
HepG2 drives their gene expression towards cholangiocyte lineage.  
 
Taken together, transcription factors GATA4 and GATA6 are essential for the initial 
differentiation of hepatoblasts and for liver organogenesis. Expression of GATA4 and 
GATA6 is low in normal postnatal hepatocytes, but in these two pediatric diseases of 
the liver, HB and BA, their expression is upregulated respectively. Overexpression of 
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these GATA factors affects the gene expression of hepatocytes, and thus are putative 
drivers of hepatocyte metaplasia and neoplasia. This thesis work clarifies the 
mechanisms by which GATA4 promotes the malignant phenotype of HB cells and 
demonstrates GATA6 as a marker and driver of hepatocyte ductal metaplasia in biliary 
atresia.
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ABBREVIATIONS 

ADD3 = adducin 3 
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ALB = albumin 
ALT = alanine amino transferase 
BA = biliary atresia 
BCL2 = B-cell lymphoma 2 
BDE = bile ductule expansion 
BDL = bile duct ligation 
BMP = bone morphogenic protein 
CFC1= cryptic family 1 
COL4α1 = collagen 4 alpha 1 
CK = cytokeratin 
DKK1 = dickkopf-related protein 1  
DLK1 = delta-like non-canonical Notch ligand 1 
DOCK8 = dedicator of cytokinesis 8 
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DR = ductular reaction 
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E-cad = epithelial cadherin = CDH1 
ECM = extra-cellular matrix 
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EpCAM = epithelial adhesion molecule 
EPO = erythropoietin 
FABPL = fatty acid-binding protein, liver type  
FAP = familial adenomatous polyposis coli 
FGF = fibroblast growth factor 
FFPE = formalin-fixed paraffin embedded 
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FOG = friend of GATA 
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GW = gestational week 
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HCC = hepatocellular carcinoma 
HGF = hepatocyte growth factor 
HNF = hepatocyte nuclear factor 
HSC = hepatic stellate cell 
HTT-I = hereditary tyrosinemia type 1 
IGFBP1 = insulin-like growth factor binding protein 1 
INVS = inversin 
LSEC = liver sinusoidal endothelial cell 
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MMP1 = matrix metalloproteinase 1 
N-cad = neural cadherin = CDH2 
NFE2L2 = Nuclear factor (erythroid-derived 2)-like 2 
P = postnatal day 
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REVIEW OF THE LITERATURE 

1 LIVER 

1.1 Development 
 
The liver organogenesis consists of seven stepwise phases. They include a priming 
phase, a phase of increasing specification, expansion of the liver bud, migration of 
hepatoblasts into the transverse septum mesenchyme, a phase of liver vascularisation, 
an organ growth phase, and the terminal differentiation of the hepatocyte and 
cholangiocyte lineages [reviewed in (1)].  

 
Three germ layers are formed during gastrulation: ectoderm, mesoderm, and 
endoderm. Liver is derived from the ventral foregut formed from the definitive 
endoderm. To start the programming towards hepatoblasts, the cells of the foregut 
endoderm require inductive signals, including fibroblast growth factors (FGF) and 
bone morphogenic proteins (BMP), from the adjacent cardiogenic mesoderm (2) and 
septum transversum mesenchyme (3), respectively. In response to these signals, a 
primary liver bud is formed from the progenitor cells in the ventral wall of the foregut. 
In a mouse embryo, this formation of the liver bud occurs by embryonic day (E) 8.5-
9.0 (4). Among several other transcription factors, GATA4 and GATA6 are crucial 
for the expansion of the liver bud and the early hepatic development (5). After the 
invasion of the hepatoblasts of the liver bud to septum transversum, they start to 
organize to form the specific architecture of the mature liver. This requires the 
differentiation of the various liver cell types. Simultaneously, the liver volume grows 
rapidly, requiring extensive proliferation of the hepatocyte cell population [reviewed 
in (4)]. 
 
Hepatoblasts are the bipotential precursors of both epithelial cell types of the liver, 
hepatocytes and cholangiocytes. The process of cell fate determination of fetal 
hepatoblasts is not completely clear, but several signaling pathways and transcription 
factors are implicated as inductors of both cell lineages.  The biliary differentiation is 
dependent on Notch and Wnt/β-catenin signaling pathway components, and 
hepatocyte nuclear factors (HNF) 1β and HNF6 [reviewed in (6)], whereas hepatocyte 
differentiation is driven by hepatocyte growth factor (HGF), HNF3, HNF4α, and 
HNF1α [reviewed in (7)] (Figure 1).  
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Figure 1. Differentiation of hepatocytes and cholangiocytes from common progenitor cells. 

Expression of distinct cellular markers and inducing factors/pathways at different stages of liver 

development. ENDM=endoderm-specific surface marker, E-cad=E-cadherin, PROM1=prominin 1, 

HEX= Hematopoietically Expressed Homeobox, HNF=hepatic nuclear factor, AFP=alfafetoprotein, 

ALB=albumin, DLK1=Delta Like Non-Canonical Notch Ligand 1, EpCAM=epithelial cell adhesion 

molecule, FGF=fibroblast growth factor, BMP=bone morphogenic protein, HGF=hepatocyte growth 

factor, C/EBPα=CCAAT/enhancer binding protein α, CK=cytokeratin, SOX9=SRY-box 9, 

TGFβ=transforming growth factor β. Modified from (8). Created using image vectors from Servier 

Medical Art (http://smart.servier.com/), licensed under the Creative Commons Attribution 3.0 

Unported License. 

1.2   Gross anatomy 
 
Liver is the largest intestinal organ of the body, accounting approximately 2-3% of 
body weight in adults, and up to 5-6% in children. The liver is enclosed in the capsule 
of Glisson and located in the upper right quadrant of the abdominal cavity. It consists 
of left and right lobes, separated by the falciform ligament, attaching the liver to 
anterior abdominal wall (Figure 2). The liver is further divided into eight segments 
based on its blood supply, and each segment is supplied by a portal triad (portal vein, 
bile duct, and hepatic artery) (9). The liver has a dual blood supply, from common 
hepatic artery (30%) originating from the caeliac trunk, and from the portal vein 
(70%), bringing blood from the other intestinal organs. Three major hepatic veins 
drain the blood from the liver to the inferior vena cava (Figure 2) (9). 
 
Bile flow starts from the intrahepatic bile canaliculi and moves on to larger 
interlobular ducts. These ducts combine to form left and right hepatic duct and further 



REVIEW OF THE LITERATURE 

 14 

a common hepatic duct outside the liver. The gallbladder is connected to this duct to 
form a common bile duct carrying bile to the small intestine (Figure 2) (10). 

 
 

Figure 2. Anatomy of the liver and extrahepatic bile ducts. 

Created using image vectors from Servier Medical Art (http://smart.servier.com/), licensed under the 

Creative Commons Attribution 3.0 Unported License. 

1.3   Physiology and function  

Liver has several vital functions [reviewed in (11)]. In the fetal period, erythropoiesis 
takes place in the liver (12). Postnatally, liver controls the metabolism of 
carbohydrates, proteins, and lipids. Cholesterol and other lipids, as well as several 
important serum proteins, like coagulation factors and albumin are produced by the 
liver. Furthermore, liver serves as a storage of many essential vitamins and minerals, 
glycogen and fatty acids, and it maintains the blood homeostasis of glucose. Bile, 
consisting of water, bile salts, cholesterol, and bilirubin, is necessary for lipid digestion 
and secreted from the liver to small intestine. Several hormones are produced in the 
liver. Liver has an important detoxification function; it metabolizes drugs, alcohol, 
and other toxic agents. All extrinsic molecules absorbed in the intestine are passed 
through portal vein to liver before entering the systemic circulation. Liver 
macrophages, Kupffer cells, are an important part of the immune system, and they 
digest microbes from the blood flowing through the liver.  
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1.4  Histology and cell types 

1.4.1 Cellular anatomy 
 
The liver consists of three functional systems: 1) hepatocyte system, 2) biliary system, 
and 3) blood circulatory system [reviewed in (13)]. Hepatocytes are arranged in hexa- 
or pentagonal structural units, called hepatic lobules. Central vein is in the middle of 
each lobule, surrounded by radiating colums of hepatocytes, and 4-6 portal triads 
(consisting of a branch of portal vein, hepatic artery, and bile ductule). Hepatocytes of 
the lobule are divided into three zones based on their location, and thereafter their 
nutrient and oxygen saturation, metabolic and regeneration activity, and pronity to 
toxins. This functional unit is called a hepatic acinus (Figure 3). 
 

  

Figure 3. Structural and functional architecture of the liver: lobule and acinus. 
Lobules are hexagonal structural units of the liver, consisting of hepatocyte columns with a central vein 

in the middle, and surrounded by portal triads. Acini are the functional units of the liver, consisting of 

three zones of hepatocytes according to their location to portal vein and central vein. Created using 

image vectors from Servier Medical Art (http://smart.servier.com/), licensed under the Creative 

Commons Attribution 3.0 Unported License. 
 
 
The blood entering the lobule from portal vein, flows through spaces between the 
hepatocytes called sinusoids, and drains to the central vein. The area between the 
sinusoidal endothelial cells and the hepatocyte columns is called the space of Disse. 
Between adjacent hepatocyte columns is a tubular bile canaliculi structure, where the 
bile flows to opposite direction with blood, ending up in bile ducts on the periphery of 
the lobule (Figure 4). 
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Figure 4. Structure and cell types of the liver lobule. 
Bile flows in bile ductules (arrow with dashed line) to opposite direction with blood in sinusoids (arrow 
with solid line). Created using image vectors from Servier Medical Art (http://smart.servier.com/), 
licensed under the Creative Commons Attribution 3.0 Unported License. 

1.4.2 Hepatocytes 

Hepatocytes are the parenchymal cells of the liver that comprise almost 80% of the 
liver volume and 60% of the cell population. Hepatocytes are derived from bipotential 
stem cells of the liver, hepatoblasts, by gradually acquiring liver-enriched 
transcription factors. These factors regulate gene expression of the developing 
hepatocytes to gain the several vital functions of mature hepatocyte [reviewed in (7)]. 
Hepatocytes are the functional units of the liver. They are cuboidal, structurally and 
functionally polarized epithelial cells that have endocrine and exocrine properties (4). 
Adjacent hepatocytes are connected with intercellular junctional complexes. 
Hepatocytes have a great regeneration ability after injury. The regenerative 
hepatocytes derive from mitotic activity of mature hepatocytes, cholangiocytes and 
endothelial cells, but when the proliferative capacity of the mature hepatocytes is 
impaired, hepatic progenitor cells i.e. oval cells, can participate to the regenerative 
process by differentiating to hepatocytes (14). 

1.4.3 Cholangiocytes  
 
Cholangiocytes are epithelial cells lining the intrahepatic and extrahepatic bile ducts. 
They are highly polarized and joined together near the apical surface by tight 
junctions. The primary bile secreted by hepatocytes is transported into bile canaliculi, 
where it is alkalinized and fluidized by the cholangiocytes (15). Cholangiocytes are 
functionally and morphologically heterogenous along the biliary tree. The 
cholangiocytes lining small bile ducts have a more reactive phenotype and are able to 
proliferate and re-differentiate in case of hepatic injury or pathological stimuli (16). 
Like hepatocytes, the intrahepatic cholangiocytes are derived from hepatoblasts. In 
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contrast, cholangiocytes lining the extrahepatic bile ducts share a common 
developmental origin with the pancreas and duodenum (17). When a hepatoblast has 
committed to differentiate to cholangiocyte, it starts to express cholangiocyte markers, 
like cytokeratins (CK) 7 and 19.  

1.4.4 Other cell types of the liver 
 

In addition to cholangiocytes; sinusoidal endothelial cells, hepatic stellate cells 
(HSCs), hepatic progenitor cells (HPCs), Kupffer cells, and pit cells (liver-specific 
natural killer cells) represent the majority of non-hepatocyte cell types in the liver. 

Liver sinusoidal endothelial cells (LSEC) are fenestrated, highly specialized 
endothelial cells, located between the hepatocytes and HSCs. They control the tone of 
the hepatic vasculature and keep the portal pressure stable. LSECs also control the 
activation of HSCs, and thus contribute to the onset of liver fibrosis in disease state 
[reviewed in (18)]. 

HSCs, also know as Ito cells, are located in the space of Disse, and in normal quiescent 
state they function as storage of vitamin A. HSCs are activated under liver damage, 
when they differentiate into proliferating portal myofibroblasts, producing ECM 
components, and thus have an important role in development of liver fibrosis. HCSs 
also participate in inflammation and immune regulation of the liver (19).  

HPCs are bipotential cells residing in the canals of Hering in the normal liver, able to 
participate in hepatocyte or cholangiocyte renewal. Their proliferation is evident in 
primary liver cancer and reactive conditions of the liver [reviewed in (20)]. 

Kupffer cells are liver macrophages and a part of the reticuloendothelial system. They 
phagocytose microbes and aged erythrocytes. Kupffer cells are localized inside the 
liver sinusoids, and in a healthy liver they do not response to every immunologic 
stimulus derived from the intestinal blood flow. In chronic inflammatory diseases, 
Kupffer cells are activated and lose the tolerogenic phenotype, thus start sending 
signals through the endothelial cells for the hepatocytes and stellate cells, enhancing 
the pathologic fibrogenesis and liver injury [reviewed in (21)].  

The different cell types of the liver constantly interact with one other; this intercellular 
signaling is essential for normal functions of the liver, but it is also likely to 
significantly contribute to the pathological processes occurring during liver disease 
and injury (22, 23). 
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2 PEDIATRIC LIVER PATHOLOGY 

Liver pathology in children is divided into neonatal conditions and diseases occurring 
in older children. The most frequent causes of liver pathology in these two groups are 
listed in table 1.  

 
Table 1.  Frequent causes of pediatric liver disease according to age. 
Modified from (24). 

 
Neonates and infants Older children and adolescents 
Cholestatic diseases 

• Biliary atresia 
• Paucity of the intrahepatic bile ducts 
• Cholelithiasis 
• Progressive familial intrahepatic 

cholestasis (PFIC) 
• Benign recurrent intrahepatic 

cholestasis 

Hepatitis 
 
Sclerosing colangitis 
 
Parasitic infections 

Toxins and pharmacologic remedies 

Fatty liver of obesity 

Idiopathic neonatal hepatitis Occlusion of the hepatic veins 
Viral hepatitis and other infectious diseases 
in the neonate 

Wilson disease 

Methabolic disease Hypotension/ischemia/cardiac 
failure 

Toxic or pharmacologic injury Fatty liver of pregnancy 

Tumors 
• Malignant: hepatoblastoma, 

hepatocellular carcinoma, embryonal 
rhabdomyosarcoma 

• Benign: hemangioendothelioma, 
mesenchymal hamartoma 

Malignant tumors 
• Hepatocellular carcinoma, 

undifferentiated embryonal 
sarcoma 

 

2.1 Hepatoblastoma 

2.1.1 Incidence and etiology 
 
Hepatoblastoma (HB) is a pediatric liver tumor with an incidence of 1.7 per million 
children per year (25). Although rare, it accounts for nearly 70% of all malignant 
tumors of the liver in children (26). Most HB cases occur before the age of four, the 
median age of diagnosis being 1.5 years (27). They are 1.5-times more common 
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among boys than girls for unknown reason, and in nearly all cases there is no family 
history of HB (25).  
 
The embryonal/fetal histology and the young age of the patients imply that genetic 
and developmental factors play a role in HB pathobiology. There are rare cases of HB 
in school-aged children and adolescents, but they commonly have features of both HB 
and hepatocellular carcinoma (HCC) and are thus called translational liver tumors 
(27). HCC is the most common liver cancer in adulthood, with an etiology based on 
the predisposing hepatic injury or cirrhosis by exposure to viruses or toxic agents (26).  

 
Most HB cases are sporadic, but HB occurrence is also connected to congenital 
syndromes, like Beckwith-Wiedemann and Sotos overgrowth syndromes (28, 29) and 
familial adenomatous polyposis coli (FAP) (30). There are several studies about the 
perinatal risk factors for HB and their results vary, as HB is connected to prematurity 
(25, 31), maternal factors during pregnancy (32), and congenital anomalies (31, 33, 
34) i.a. Only low birth weight has been implicated as a risk factor in several studies 
(25, 32, 33, 35, 36).  

2.1.2 Histological subtypes 
 
HBs are very heterogenous tumors and one tumor can consist of several histologically 
distinct areas. HBs can be divided into two main groups: pure epithelial (56%) or 
mixed epithelial/mesenchymal (44%) tumors (Table 2) (37, 38).  
 
The epithelial component can either resemble different developmental stages of 
embryonal or fetal liver or can be small cell undifferentiated (SCUD) or 
macrotrabecular subtype. Embryonal and fetal subtypes present hepatocyte lineage 
cells with immature, blastic features. Extramedullary hematopoiesis is present in these 
subtypes (38). Pure fetal subtype has the most favorable prognosis (39), and can be 
treated surgically without chemotherapy (40). SCUD cell subtype consists of highly 
proliferative stem cell-like cells with low AFP production, and its presence in tumor 
predicts a poor prognosis (41). Macrotrabecular HB, often presenting HCC or 
translational tumor-like features, is named after the growth pattern of the epithelial 
cells (38).  
 
The mixed epithelial-mesenchymal tumors include neoplastic areas of stromal 
components, mainly immature osteoid, fibroblastoid, or myofibroblastoid loci. Less 
frequently, cartilagous or rhabdomyoplastic tissue may be present (37). 
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Table 2. HB histological classification according to SIOPEL liver tumor group. 
Modified from (38). 

 
HB histological subtypes  

Epithelial HB 

Pure fetal  

Mixed embryonal/fetal  

Small cell undifferentiated 

Macrotrabecular 
 
Mixed epithelial/mesenchymal HB 

With teratoid features 

Without teratoid features 
 
Unspecified HB 

 

2.1.3 Genetics and cytogenetics of hepatoblastoma 
 
Although HB pathobiology is still relatively unknown, new molecular mechanisms 
are constantly emerging as the new sequencing methods have become more accessible 
and revolutionised the area of cancer genomics and molecular biology. The most 
common known genetic mutations, altered pathways, and karyotypic changes in HBs 
are listed in Table 3. 
 
The fetal origin of HBs is evident in the gene expression profile of hepatoblasts. 
Variety of growth factor signaling pathways and developmental pathways are 
connected to HB pathogenesis. HB cells produce AFP, a glycoprotein normally 
synthesized by the fetal yolk sac and liver. Majority of HB tumors express hepatic 
progenitor cell markers, including stem cell epithelial adhesion molecule EpCAM, 
hepatoblast and cholangiocyte marker CK19, and EGF-like protein DLK-1, which 
activates the Notch pathway in fetal liver cells (42).  Downregulation of genes 
important in typical liver functions, like fatty acid and xenobiotic metabolics, are 
frequent in HB tumors (43). NFE2L2 gene, encoding a transcription factor that 
activates the cellular antioxidant response to fight xenobiotics and oxidative stress, is 
mutated in approximately 10% of of HBs (44). 
 
The hallmark molecular event in HB pathogenesis is mutation in the canonical Wnt/β-
catenin signaling pathway. A mutation of the CTNNB1 gene (encoding β-catenin) is 
present in approximately 80% of HB tumors (43, 45), but mutations in other 
components of the pathway, including APC, AXIN, and LEF1 are also common (38, 
43, 46, 47). Mutations of β-catenin prevent its normal degradation in the cytoplasm, 
and β-catenin is transferred to nucleus where it activates the transcription of the Wnt 
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target genes, preventing apoptosis and differentiation (48). One of these genes is the 
C-MYC proto-oncogene (MYC), which plays a role in cell cycle progression, apoptosis 
and cellular transformation (49). Activation of MYC signaling has been connected to 
poorly differentiated and highly proliferative HB subclass (50).  
 

Processes involved in cell cycle regulation and proliferation are shown to play 
important role in HB pathogenesis. Mutations and downregulation of oncogenes PLK1 
and P53 controlling the cell cycle have been reported (47, 52). Furthermore, 
hypermethylation of SOCS1 gene, an inhibitor of the JAK/STAT signaling pathway 
affecting cell proliferation, apoptosis, and differentiation, is common in these tumors 
(53). The expression of pro-apoptotic members of BCL2 family is frequently 
downregulated in HBs, whereas the anti-apoptotic, prosurvival members are 
upregulated (54, 55). 
 
Abnormalities in karyotype are common in HBs. The cytogenetic changes are usually 
acquisition (chromosomes 2, 8, and 20) or loss (chromosome 18) of whole 
chromosomes, often occurring in conjunction with structural translocations (27, 56). 
The exact mechanism by which the cytogenetic abnormalities contribute to 
tumorigenesis or their prognostic significance is still relatively unknown (27).  
 
Table 3. Major known mutations, differentially expressed pathways and karyotypic 
changes in HB tumors. Modified from (51). 
 
 

HB genetics and cytogenetics 

Wnt pathway mutations 
CTNNB1: 67.5% 
APC: 2% 
AXIN1: 5% 

 
Other genes and pathways 
Antioxydant response: NFE2L2: 11.7% 
Transcription regulators 
Chromatin modifiers 
Ubiquitin pathway 

 
Genomic alterations 
Gains: chr 2, 1q, 8, 6, 12, 17, 20 
Losses: chr 4q, 11p 
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2.1.4 Diagnosis 
 
The first symptoms of HB are a palpaple mass, abdominal distension, and pain. 
Generalized fatigue, jaundice, and growth retardation are often present. Serum AFP is 
commonly elevated, being the most important marker for diagnosis and follow-up. 
However, 5-10% of HB patients have normal or very low AFP, which is connected to 
poor prognosis (57). Other serum markers, like DLK1 and Glypican3 have been 
suggested for HB, but are not currently in clinical use. Imaging of the tumor size, 
localization, and distribution is performed with ultrasonography (US), computer 
tomography (CT) or magnetic resonance imaging (MRI). US-guided core needle 
biopsy from the tumor is histologically assessed to confirm the diagnosis and subtype 
of the tumor [reviewed in (58)]. 

2.1.5 Staging and prognosis  
 
HB stage and risk level is preoperatively evaluated based on radiological tumor extent 
(PRETEXT) staging system, developed by the Childhood Liver Tumor Study Group 
of the International Society of Pediatric Oncology (SIOPEL) (59). The liver is divided 
into four anatomical segments by hepatic veins and the portal vein; left lateral 
(segments 2 and 3), left medial (segments 4a and 4b), right anterior (segments 5 and 
8) and right posterior (segments 6 and 7). PRETEXT 1-3 are localized tumors with 
high AFP and categorized as the standard-risk tumors. Tumors involving all four 
hepatic sections (PRETEXT 4), and patients with <100ng/mL serum AFP (reflecting 
the SCUD histological subtype), belong to the high-risk group. Very high-risk group 
patients have distant metastases of HB, usually in the lungs, at diagnosis (60). 
PRETEXT is based on the tumor distribution, but also the assessment of histological 
subtype (61), and resectability of the tumor (58) are important factors in the final 
prognosis. The overall 3-year survival rate for standard-risk HB is 91% and for high-
risk HB 53% (59). 

2.1.6 Treatment 
 
The outcome of HB has dramatically improved during the past decades due to 
effective cisplatin and doxorubicin (Dox) -based neoadjuvant chemotherapy (62). 
Cisplatin monotherapy is used for standard-risk patients (63) and combination of 
cisplatin and Dox (PLADO) is used for high-risk patients (64) [reviewed in (65)]. 
After tumor shrinkage with chemotherapy, it is surgically resected. If resection is not 
anatomically possible, yet no extrahepatic metastases exist, a liver transplantation is 
performed (58).  
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2.2 Biliary atresia 

2.2.1 Insidence and etiology 
 

Biliary atresia (BA) is a rare idiopathic disorder of the neonates with an obstructive 
fibroinflammatory process obliterating the extrahepatic bile ducts, resulting in 
cholestasis and progressive fibrosis. If untreated, BA leads to cirrhosis and death 
before the age of 2 years. The incidence varies geographically, being highest in East 
Asia (1.5 per 10 000), and 0.5-0.8 per 10 000 in Europe (66, 67). The incidence in 
Finland is 0.54 per 10 000 (68). 
 
About 20% of BA cases are associated with congenital malformations, most 
commonly splenic malformations, vascular malformations, or malrotation (69, 70). 
They are often referred to as “embryonic” form of BA, since they are hypothesized to 
arise during development of laterality during early gestation (71). This theory has not, 
however, been scientifically proven, and there most likely exist several 
etiopathogenetic explanations also in this group of BA (72).  
 
The pathogenetic process of isolated BA without other malformations is thought to 
initiate closer to birth. The exact molecular mechanisms and perinatal events that 
trigger the sclerosing inflammatory process, are widely unknown. Majority of BA 
cases are sporadic. It has also been suggested that viral infections, immune-mediated 
injury, genetic causes, exposure to toxins, or defects in prenatal circulation might 
cause this disease (71, 73).  
 
BA is grouped into three main types according to the extent of fibrosis in the 
extrahepatic bile ducts. Type I atresia involves the common bile duct, type II extends 
up to the common hepatic duct, and type III atresia involves also the porta hepatic and 
thus encompasses all extrahepatic bile ducts. Type III is the most common subclass 
and accounts for over 90% of all BA cases (74). 

2.2.2 Pathobiology  

2.2.2.1 Genetic mutations and alterations in gene expression 

Polymorphism or mutations of genes regulating bile duct development and 
morphogenesis are suggested to predispose to BA. Notch signaling is crucial for the 
initiation of the biliary lineage determination of hepatoblasts and duct morphogenesis 
(75). Abnormal Notch signaling, especially alterations in JAGGED1 and HES1 
expression, is connected to pathogenesis of BA (76-78). Hepatic nuclear factors 
HNF1β and HNF6 are required for early development of the biliary tree, and mice 
bearing mutations in these genes have anomalies and atresia of extrahepatic bile ducts 
(79-81).   
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Aberrant hepatic Hedgehog signaling has been indicated in BA, and suggested to 
induce the epithelial-mesenchymal transition and expansion of cholangiocytes (82). 
Mutations in or reduced expression of Glypican-1 (GPC1) gene, regulator of 
Hedgehog signaling and inflammation, are demonstrated in some BA patients, and a 
zebrafish model reinforces the role of GPC1 in normal development and function of 
biliary tracts (83). 

Abnormal expression of genes associated with left-right patterning, e.g. Inversin 
(INVS) and Cryptic Family 1 (CFC1), are also connected to BA in animal models (84, 
85). This theory is consistent with the observation that the embryonal/fetal form of 
BA is often related to laterality defects causing also accompanying developmental 
anomalies in other organs.  

2.2.2.2 Histological changes 

Ductular reaction (DR) is a dynamic system of expanding bile duct-like cells, 
accompanied by mesenchymal and inflammatory cells, driving the fibrogenesis of BA 
liver (86). The origin of the epithelial cell type of the DR is controversial. The majority 
of these cells derive from proliferating cholangiocytes, but cholestasis also triggers 
metaplasia of periportal hepatocytes towards a cholangiocyte-like phenotype, as an 
adaptive injury escape mechanism (87-89). Furthermore, hepatic progenitor cells 
(HPCs), located in the canals of Hering, are capable of differentiating to either 
cholangiocytes or hepatocytes, and participate in DR by producing reactive 
intermediate hepatocyte- or duct-like cells [reviewed in (90)]. The cells in DR area 
have paracrine communications with myofibroblasts, inflammatory cells and 
endothelial cells, leading to an epithelial-mesenchymal transition and subsequent 
fibrosis [reviewed in (91)].    

The progressive fibrosis, starting from periportal areas, leads to portal hypertension 
and liver cirrhosis in BA. The fibrosis typically forms bridges within and adjacent to 
DR areas of the BA liver. The cellular origin of the fibrosis and extracellular matrix 
production is not clear and it is likely that many cell types of the liver participate in 
this process. Both hepatocytes and cholangiocytes are shown to contribute to the 
fibrosis by epithelial-mesenchymal transition (EMT) (82, 92). Furthermore, 
transdifferentiation of hepatic stellate cells to myofibroblasts has also been 
demonstrated (93). Additionally, HPCs are likely to participate in the process of ECM 
deposition, but their role in the development of fibrosis remains unclear (94). Mavila 
et al. demonstrated an expansion of a cell population that expresses stem cell marker 
prominin-1. The proliferation of these collagen-producing cells was associated with 
activation of fibroblast growth factor (FGF) and transforming growth factor-beta 
(TGFβ) signaling pathway, which in turn are inducers of EMT and fibrosis (95). All 
in all, a complex crosstalk among cholangiocytes, hepatocytes, progenitor cells, 
myofibroblasts, endothelial, and inflammatory cells is required for the onset of DR 
and the subsequent periportal fibrosis in BA. 
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2.2.3 Diagnosis  
 
Typical symptoms at the time of diagnosis are jaundice, acholic stools, dark urine, and 
sometimes hepatomegaly in an otherwise healthy and thriving newborn. Coexistence 
of other malformations can cause additional symptoms. BA patients typically have 
conjugated bilirubinemia, as well as elevated gamma-glutamyl transferase, alkaline 
phosphatase, and total serum bile acids, as a result of cholestasis. A common serum 
marker of hepatocellular injury, alanine aminotransferase, is usually only moderately 
elevated at diagnosis.  
 
Radiological examinations are essential for BA diagnostics. In abdominal 
ultrasonography, gallbladder does not visualize in 4/5 of cases and a “triangular cord 
sign” of the hilar structures is often present. Gamma biligraphy shows the 
accumulation of the radioactive label in the liver and very little or no access to 
intestine. Percutaneous needle biopsy presents typical histological changes, including 
cholestasis, ductular reaction (DR), portal inflammation, and fibrosis. The definitive 
diagnosis is established by intraoperative cholangiography which also reveals the level 
of obstruction (71) . 

2.2.4 Treatment and follow-up 
 
BA is surgically managed using the Kasai portoenterostomy (PE) operation, named 
by a Japanese surgeon Morio Kasai, who developed the operation method in the 1950s. 
In the operation, the gallbladder and biliary remnants are removed, and the porta 
hepatis is anastomosed to the bowel in a Roux-en-Y fashion. An early diagnosis and 
undelayed treatment are predictive for a better prognosis (96). In addition, 
postoperative adjuvant therapy including steroids, ursodeoxycholic acid, and 
prophylactic antibiotics seems to improve the clearance of jaundice and native liver 
survival rates (97-99).  
 
In Finland, the diagnostic protocol, surgical care, postoperative treatment, and follow-
up of BA patients were standardized in 2005 when BA management was centralized 
to Helsinki University Hospital by a governmental decision (68). All patients are 
currently administered steroids, ursodeoxyxholic acid, and antibiotics postoperatively. 
Abdominal ultrasonography and liver biochemistry are monitored at regular follow-
up visits, and upper GI endoscopies are performed annually to screen for the 
development of esophageal varices. In addition, routine follow-up liver biopsies are 
taken 1, 5, and 10 years after PE (68).  
 
If the PE operation is not successful (bilirubin remains elevated) or when the slowly 
progressing liver damage either progresses to end-stage liver disease or causes other 
life-threating complications, the treatment is liver transplantation. BA is the most 
frequent indication for liver transplantation among children. Compared to other 
pediatric surgeries, the PE operation relatively often fails in its objective regardless of 
the operator and other circumstances. A recent meta-analysis of five large studies (US, 
France, Japan) reports that over 30% of BA patients that underwent PE do not achieve 
any improvement in jaundice and over half the patients are listed for transplantation 
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within a year of the operation (100). In the long term, only ∼20% of BA patients 
survive to adulthood without a liver transplantation (101). The reason for the ongoing 
liver injury after successful clearance of jaundice by PE remains largely unknown and 
is an area of active investigation. Immunological and inflammatory factors have been 
suggested to play a role in this process (102-104). 

2.2.5 Prognosis 
 
In a large French study with 472 BA patients treated with PE and/or liver 
transplantation, the overall five- and 10-year survival rates were 70% and 68%, 
respectively. Better prognosis was related with early age at PE, the favorable 
anatomical patterns of BA, the absence of other malformations, and the experience of 
the treatment center (105). After the centralization of BA treatment in Finland, 5-year 
native liver survival increased from 38% to 70%, and 5-year overall survival increased 
from 68% to 94% (106). 
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3 GATA TRANSCRIPTION FACTORS 

 
GATA transcription factors are zinc-finger proteins, which bind to a specific (A/T) 
GATA (A/G) DNA motif and can either activate or repress transcription depending 
on the context (107). There are approximately 7 million GATA motifs in the human 
genome (108). In addition to this consensus GATA binding site, these factors can bind 
to large variety of other DNA motifs. The ability to recognize the alternative motifs 
varies between different GATA factors and enables the differential gene regulation in 
cells expressing several GATA factors (109). Furthermore, post-translational 
modifications and varying interactions with cofactors cause functional diversity 
among these transcription factors. 

The C-terminal domain is required for the DNA binding, whereas the N-terminal 
domain can bind to other parts of DNA or cofactor proteins and may also stabilize the 
DNA binding (110). GATA factors are evolutionary highly conserved and found in 
eukaryotic organisms ranging from mold to vertebrates substantiating their 
fundamental roles in development and gene regulation (111).  

There are six members in the vertebrate family of GATA factors, named in the order 
of their discovery. They are divided into two subfamilies; GATA1/2/3 are mainly 
expressed in the hematopoietic tissues [reviewed in (112)], whereas GATA4/5/6 are 
expressed in endoderm-derived tissues; including heart, lung, gonad, and 
gastrointestinal tract [reviewed in (113)], (Figure 5, Table 4). GATA factors play 
pivotal roles in cellular differentiation and cell-fate specification, cell proliferation and 
movement. Their expression is required for the normal development of various organs 
during gestation. Nevertheless, mutations or altered tissue expression of different 
GATA factors are also connected to many human diseases and neoplasias (Table 4). 

 

Figure 5. Structure and homology of the GATA proteins. All GATA factors have two zinc 
fingers (ZnF) –containing DNA-binding domain. Transactivation domains are located in N- 
and C-terminus. The percentage indicates the homology between the domains of different 
GATA factors (in mouse). nls=nuclear localization signal. Modified from (107).  
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Table 4. GATA transcription factors in mice and humans.  
 

 Postnatal expression  Phenotype of knockout mice  Human mutations 

GATA1 hematopoietic lineage lethal (E11.5-12.5), erythroid 

cell maturation defect 

hereditary 

thrombocytopenia and 

anemia, DS-AMKL 

GATA2 hematopoietic lineage lethal (E12.5), anemia AML and CML, MDS  

GATA3 CNS, kidney, 

T-lymphocytes 

lethal (E11-E12), CNS 

deformities, internal bleeding 

HDR-syndrome, breast 

cancer, ALL  

GATA4 heart, lung, gonads,  

digestive organs 

lethal (E7.0-E9.0), 

cardiac defect 

CHD, pancreatic 

agenesis, diaphragmatic 

hernia, defects in 

testicular development 

GATA5 heart, digestive 

organs, genitourinary 

tract 

viable, 

female genitourinary defects  

CHD 

GATA6 heart, gonads,  

digestive organs, 

lung, adrenal gland 

lethal (E6.5-E7.5), 

gastrulation defect 

CHD, pancreatic 

agenesis, biliary tract 

anomalies, 

diaphragmatic hernia 
 
E=embryonic day, DS-AMKL= down syndrome - acute megakaryoplastic leukemia, 
CNS=central nervous system, acute myeloid leukemia, CML=chronic myeloid leukemia, 
HDR=hypoparathyreidism, deafness, and renal dysplasia, ALL=acute lymphoblastic 
leukemia, CDH=congenital heart defect, MDS=myelodysplastic syndrome. References: (5, 
107, 113-119) 

3.1 GATA factors in cancer 

Considering their role as regulators of cell survival and maturation, it is not surprising 
that altered expression or activity of GATA factors is associated with carcinogenesis. 
They are connected to variety of human cancers including leukemia and solid tumors 
of many tissues. They affect the metabolism, proliferation, cell death signaling and 
invasiveness of tumor cells. The activity of GATA factors in tissues can be altered by 
mutation, loss of expression mostly by promoter methylation, overexpression, or 
functional interference by interacting proteins [reviewed in (107, 120)]. The function 
of one GATA factor depends on both the cell type and the context of the promoters 
and may thus be even opposite in different cancers.  
 
GATA1/2/3 are strongly connected to different types of leukemia (121), and GATA3 
plays a role in breast cancer progression (122). GATA4/5/6 are associated e.g. with 
tumors of the gastrointestinal tract, lungs, and ovaries. The expression of GATA4 and 
GATA6 is altered in several endocrine-related tumors including ovarian granulosa cell 
tumors, adrenocortical tumors, and pancreatic tumors [reviewed in (118)].  
In gastrointestinal malignancies, GATA4 gene is amplified in a substantial part of 
esophageal adenocarcinomas (123). GATA6 is frequently elevated and suggested to 
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act as oncogene in pancreatobiliary neoplasms (124, 125). GATA6 is shown to 
promote invasion and metastasis of colon cancer (126, 127). There are no previous 
reports about the expression or function of GATA factors in HBs. 
 
In line with their pivotal role in organogenesis, GATA factors affect important 
developmental signaling pathways, like TGFβ and WNT/β-catenin pathways (128, 
129), also connected to oncogenesis in many organs. For instance, GATA4 regulates 
components of TGFβ pathway in adrenocortical tumors (128, 130). Furthermore, 
GATA factors are important regulators of cell growth, proliferation and survival 
during gestation. Accordingly, GATA4 is shown to inhibit apoptotic pathways and 
cell cycle regulation in ovarian granulosa cell tumors (131, 132), where high level of 
GATA4 expression is connected to clinically poor prognosis (133).  

3.2 Expression and function of GATA4 and GATA6 

GATA4 and GATA6 are master regulators of endoderm formation demonstrated with 
mouse embryonic stems cells which differentiate into extra-embryonic endoderm 
when either of these factors is overexpressed (134).  
 
GATA4 gene is located in the short arm of chromosome 8. Gata4 was first cloned and 
characterized in mouse in 1993 by Arceci et al. (135), and it is expressed in the heart 
(136, 137), proximal parts of the gastrointestinal tract (138), lungs (139), and gonads 
(140, 141). Mice null for Gata4 die during embryogenesis at E7.0-E9.0 for heart 
defects and point mutations in GATA4 cause congenital cardiac septal defects in 
humans (136, 142). GATA4 is required for the migration and folding morphogenesis 
of the precardiogenic mesodermal cells, and for regulation of carciac angiogenesis 
(136, 143). GATA4 has an important role in the regulation of gonadal gene expression 
and sex development (144, 145). 
 
In addition to binding DNA, GATA factors interact with cofactors and other 
transcription factors. GATA4 interacts with a transcriptional modifying protein, 
Friend of GATA 2 (FOG2), predominantly expressed in heart, gonads, and brain 
(146). GATA4 binds to FOG2 with its N-terminal zinc-finger (147). Presence of 
FOG2 is essential for the function of GATA4 in heart morphogenesis, and Fog2-/- 

mouse embryos die in midgestation due to cardiac defects (148). 
 
GATA6, cloned in human in 1996 by Suzuki et al. (149), maps in the long arm of 
chromosome 18 and has an overlapping expression profile with GATA4. GATA6 is 
expressed in gastrointestinal tract (138), heart (150), lungs (151), gonads (140, 141), 
and adrenal gland (152). The cells of murine Gata6-/- embryonic ectoderm undergo 
apoptosis shortly after the Gata6 onset in the wild type embryos, and thus Gata6-null 
mice die at E6.5-E7.5 (153). This is partly due to downregulation of transcription 
factor Hnf4, a direct downstream target of GATA6 in visceral edoderm, required for 
the normal gastrulation (153, 154). GATA6 is required for the vascular development 
and expressed in the vascular smooth muscle cells during embryogenesis and 
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postnatally (150). In the developing gonads, GATA4 and GATA6 have overlapping 
but distinct expression patterns, suggesting some functional redundancy (140, 141). 

3.2.1 GATA4 and GATA6 in the liver  
 
GATA4 and GATA6 are expressed in murine foregut endoderm and are both essential 
for the normal development of the liver (155). GATA4 and GATA6 belong to the 
pioneer factors that determine which cells of the endoderm become hepatoblasts by 
modulating the chromatin structure (156, 157). GATA4 potents the hepatic gene 
expression in the primary liver bud. It binds to Albumin (Alb) enhancer before the 
onset of Alb expression in the developing liver (157). The crucial role for Gata4 and 
Gata6 is shown also in early zebrafish liver development, where these factors are 
shown to have functional redundancy in the onset of hepatic development, but 
independent roles in regulating liver organ development (158).  
 
Tetraploid embryo complementation studies (providing Gata4-/- or Gata6-/- embryos 
with Gata4+/+ or Gata6+/+ extraembryonic endoderm) have enabled the generation of 
post-gastrulation stage embryos of homozygote knockout mice (5, 116). These studies 
demonstrate abnormal formation of the liver bud and expression of normal hepatocyte 
markers at E9.5 in both Gata4-/- and Gata6-/- embryos. As GATA4 expression is 
diminished in the liver diverticulum already at this stage, the defect in liver 
development is likely caused by lack of Gata4-mediated signaling from adjacent 
septum transversum. GATA6 in contrary, is present in hepatoblasts at E14.5 (155) and 
is suggested to have a more cell-autonomous role in liver bud expansion (5). 
In human liver, GATA4 is expressed in hepatocytes at gestational week 8, whereas in 
normal postnatal liver, GATA4 is expressed mainly in sinusoidal endothelial cells and 
Kupffer cells (159). There are contradictory reports about the normal expression of 
GATA4 and GATA6 in postnatal murine hepatocytes (160-162). There are no 
comprehensive studies about GATA6 expression in normal human liver.  
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AIMS OF THE STUDY 

This doctoral thesis focuses on the role of GATA transcription factors in HB and BA 
pathogenesis. 
 
The specific aims of the presented research are: 

 
1. To assess the expression and tissue localization of GATA4 and GATA6 in 

normal liver versus HB and BA 
 

2. To clarify the effect of GATA4 gene silencing on the function and gene 
expression of a human HB cell line, focusing on apoptosis and epithelial-
mesenchymal transition 

 
3. To explore the role of GATA6 in ductal metaplasia of hepatocytes in BA
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MATERIALS AND METHODS 

1  Patients and clinical data (I, III, IV) 

HB and BA patients included in this study were treated in Children’s Hospital, 
Helsinki University Hospital during years 1986-2015. Clinical data was obtained from 
patient medical records. 

2 Tissue samples (I, III, IV) 

The use of the patient samples and medical records in this study was approved by the 
Ethical Committee of Helsinki University Hospital (approval number: 
98/13/03/03/2013) and by the Finnish National Authority of Medicolegal Affairs and 
Health (approval number: THL/1239/5.05.01/2015).  All animal experiments were 
approved by the Institutional Animal Care and Use Committee in accordance with the 
National Research Council’s (NRC) Guide for Care and Use of Laboratory Animals. 

2.1  Human tissue (I, III, IV) 
 
Paraffinized human tissue samples were obtained from Helsinki University Hospital’s 
archives of pathology. Postnatal control samples were obtained from healthy organ 
donors and fetal control samples were obtained from obductions. Fresh frozen tissue 
samples from BA, and control livers was also utilized. 

2.2 Mouse tissue (IV) 
 
Mouse tissue samples were obtained from collaboration laboratory in Cincinnati 
Children’s Hospital Medical Center, USA. Two mouse models affecting the biliary 
tree development or function, mimicking cholestatic liver disease were used; surgical 
bile duct ligation model and a genetic model for induced ductular reaction (a liver-
specific double knockout for Hnf6 and Rbpj genes). These animal models have been 
previously described (163-165). 

3 Cell culture (I, II, III, IV) 

Two immortalized, adherent, human liver cancer cell lines were utilized. Human HB 
cell line HUH6 clone 5 was obtained from Health Science Research Bank (Osaka, JP). 
HUH6 is derived from a mixed epithelial/mesenchymal HB of an Asian 12-month-old 
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male (166). Human cell line HepG2 is derived from a hepatic tumor of a 15-year old 
Caucasian male. This cell line has originally been falsely described as hepatocellular 
carcinoma (167), and later re-characterized as epithelial HB in literature (168). Both 
cell lines were cultured at 37°C in Dulbecco's Modified Eagle's Medium (DMEM) 
(Lonza, Basel, CH) supplemented with 10% fetal calf serum, 2 mM L-glutamine, 
100 units/mL penicillin, and 100 μg/mL streptomycin sulfate. The cell lines were 
regularily tested for mycoplasma contamination (Promokine PCR Mycoplasma test 
kit, Promocell, Germany). 
 
Commercially available primary human hepatocytes were derived from 51-year old 
male (III) and 62-year old female (IV) with a non-hepatic cause of death (Lonza, 
Basel, CH), and cultured in hepatocyte-specific supplemented medium according to 
manufacturer’s instructions (Lonza). 

4 Modification of gene expression in cell cultures 

Three methods were used for transient transfections of HUH6, HepG2, and primary 
human hepatocyte cells. Cells were plated 24 h prior to transfections at a density to 
reach 60-70% confluency. 

4.1 Adenoviral transfections (I) 
 
In HUH6 cells, GATA4 overexpression was mediated with a construct expressing rat 
wild-type GATA4 (169). Dominant negative GATA4 adenovirus, producing a 
GATA4 and repressor domain fusion protein, was utilized to disturb the function of 
endogenous GATA4 (170).  

4.2 Liposome-mediated siRNA transfections (II, III) 
 
Small-interfering RNA (siRNA) was used to disturb the transcription and subsequent 
knockdown GATA4 expression. A pool of four siRNAs targeting GATA4 or a non-
targeting (NT) control siRNA were subjected to cells using RNA iMAX 
Lipofectamine reagent in Opti-MEM medium (both from Life Technologies, 
Carlsbad, NY) in the absence of antibiotics. The final siRNA concentration was 
0.1μM.  

4.3 Liposome-mediated plasmid transfections (III, IV) 
 
Cells were transfected with either pMT2-GATA4 expression plasmid (135), pcDNA3-
GATA6 expression plasmid (150), or corresponding control plasmid. Optimem 
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medium and jetPEI™Hepatocyte DNA transfection reagent (Polyplus Transfection, 
Illkirch, FR) for human primary hepatocytes or Lipofectamine LTX with Plus™ 
Reagent (Thermo Fischer Scientific, MA, USA) for HUH6 and HepG2 cells was used 
to perform the transfections.  

5 RNA expression 

5.1 RNA extraction and Real-time quantitative PCR (II, III, IV) 
 
RNA was isolated [Nucleospin RNA/protein kit, Machrey-Nagel, Düren, DE (cell line 
samples) or RNA Easy Mini Kit, Qiagen, Hilden, DE (tissue samples)] and reverse 
transcribed (Reverse transcriptase Core kit, Eurogentec, Liege, BE). qRT-PCR was 
performed using SYBR GREEN (qPCR MasterMix Plus, Eurogentec) and expression 
of gene of interest was normalized to housekeeping genes GAPDH or PPIG (encoding 
cyclophilin G). Primer pairs used are listed in Table 5. 

5.2 RNA microarray hybridization (III) 
 
After 72h of transfection with GATA4 siRNA or non-targeting control siRNA, RNA 
was extracted from two sample sets of HUH6 cells (n=3 in each sample set) and 
purified (NucleoSpin RNA Clean-Up XS kit, Machrey-Nagel). RNA quality was 
assessed with Bioanalyzer (Agilent, CA, USA). All 12 samples were subjected to 
RNA microarray hybridization, performed by the Functional Genomics Unit at the 
University of Helsinki using an Illumina Human HT-12 v4 oligonucleotide expression 
BeadChip (Illumina, CA, USA). Background correction was done on raw array data 
using BeadStudio software (Illumina, San Diego, CA) before quantile normalization 
and log2 transformation were performed using the BeadArray Bioconductor package 
(171). Linear models for microarray data (LIMMA) (172) with Benjamini-Hochberg 
correction were used to identify differentially expressed genes. Expression level 
changes with a false discovery rate (FDR) below 5% were considered as significantly 
differentially expressed. Microarray data was subjected to average linkage clustering 
with uncentered correlation using Cluster (173), and heatmap was generated with R 
(174). GOstats Bioconductor package was used to perform gene set enrichment 
analysis of the differentially expressed genes (175).  
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Table 5. qRT-PCR primers. 
 

Gene Primer sequence 5´→→ 3´ Gene  Primer sequence 5´→→ 3´ 

ADD3 F: GGCTCTGCGGCGCTTA 
R: CTTGTTATCTCGCAGCGCGT 

GATA4 F: CTCCTCTGCACATTGCTGTT 
R: GTGTGGGGAGGCGTAGTAT 

AFP F: GAGGGAGCGGCTGACATTAT 
R: CATGGCCTCCTGTTGGCATA 

GATA6  F: GTGCCCAGACCACTTGCTAT 
R: TGGAATTATTGCTATTACCAGAGC 

AHNAK F: CTCGTCGCCGCCAGTAG     
R: TCTCGGTCACAACCTGAGGG 

Gata6 
(m) 

F: ATTCACCAGCAGCGACTACG 
R: TTGATTCCTCGAGCGATGTG 

ALB F: GCTGTCATCTCTTGTGGGCTGT 
R: AAACTCATGGGAGCTGCTGGTT 

HNF1β F: GGCCTACGACCGGCAAAAGA 
R: GGGAGACCCCTCGTTGCAAA 

BCLXL F: TCCCCATGGCAGCAGTAAAG 
R: TCCACAAAAGTATCCTGTTCAAAGC 

HNF4α F: TGTCCCGACAGATCACCTC  
R: CACTCAACGAGAACCAGCAG 

BCL2 F: GGATAACGGAGGCTGGGATGC 
R: GCAGAGTCTTCAGAGACAGCC 

HNF6 F: TGTGGAAGTGGCTGCAGGA 
R: TGTGAAGACAACCTGGGCT 

BID F: GTCGCCACTGGGACACTG 
R: GGAACCGTTGTTGACCTCAC 

IGFBP1 F: TTTAGCCAAGGCACAGGAGA 
R: ATGGATGTCTCACACTGTCTGC 

BAD F: TGTGGACTCCTTTAAGAAGGGAC 
R: CACCAGGACTGGAAGACTCG 

JAG1 F: TGCCCTCCAGGACATAGTGG 
R: ACTCTCCCCATGGTGATGCA 

BAX F: TCCCCATGGCAGCAGTAAAG 
R: CAAACAGGCTGGTGGCAATC 

MMP1 F: AGTCCAGAAATACCTGGAAAAATA  
R: TTTTTCAACCACTGGGCCAC 

BAK F: TCATCGGGGACGACATCAAC 
R: CAAACAGGCTGGTGGCAATC 

MSF  F: CCCATCCAGTGGAATGCACC 
R: GGTGGGATACTCACAGGTCT 

BCLW F: CTTTGTCTTTGGGGCTGCAC 
R: CTGTGAACTCCGCCCAGC 

NOTCH2 F: GGCATTAATCGCTACAGTTGTGTC 
R: GGAGGCACACTCATCAATGTC 

BMP4 F: CTGCGGGACTTCGAGGCGACACTTCT 
R: TCTTCCTCCTCCTCCTCCCCAGACTG 

PPIG F: CAATGGCCAACAGAGGGAAG 
R: CCAAAAACAACATGATGCCCA 

CDH1 F: CACCACGGGCTTGGATTTTG 
R: TGGGGGCTTCATTCACATCC 

RHOB F: GTGTGTCTGTTCGACTCCCC 
R: AGGGATATCAAGCTCCCGCT 

CDH2 F: GCGTCTGTAGAGGCTTCTGG 
R: GCAGTTGCTAAACTTCACATTGAG 

RHOU F: TGCCGGACAGGATGAATTTGA  
R: TGGGACAGTGGCATCGAATC 

CK19 F: CTGCGGGACAAGATTCTTGGT 
R: CCAGACGGGCATTGTCGAT 

SRC F: CAGATTGTCAACAACACAGAGGG 
R: CACGTAGTTGCTGGGGATGT 

COL4A2 F: GGATGGCTATCAAGGGCCTG 
R: CTGGCACCTTTTGCTAGGGA

SMAD5 F: CTATGTTGGAGAGGTGTATG 
R: CAGCACGTGGTGGGATGAAA 

CTNNB1 F: ATTGAAGCTGAGGGAGCCAC 
R: TGCATATGTCGCCACACCTT 

SOX9 F: GTACCCGCACTTGCACAAC 
R: TCTCGCTCTCGTTCAGAAGTC 

DKK1 F: TCACACCAAAGGACAAGAAGG 
R: ATCTTGGACCAGAAGTGTCTAGC 

SYTL2 F: AGTGAAGGCTCGCAACGC 
R: CACCTACCTCCGAGTCGCT 

DOCK8 F: GACCCTAGAAGCCACCGAAC  
R: TCCGCTGAAGAATACCTGTTGA 

TIMP2 F: CAGATGTAGTGATCAGGGCCAA  
R: CCTTCTCAGGCCCTTTGAACA 

GAPDH F: GGTCATCCATGACAACTTTGG  
R: CCATCCACAGTCTTCTGGGT 

TAT F: GGGGACCCTACTGTGTTTGG 
R: ACTGGATAGGAAGCCGATGG 

 

5.3 RNA in situ hybridization (III, IV) 
 
Formalin-fixed paraffin embedded (FFPE) tissue sections (thickness 5 µm) were 
subjected to RNA in situ hybridization using RNAscope 2.5 HD detection kit-RED 
(#322350, ACDBio, Milano, IT) for chromogenic target mRNA detection and 
RNAscope Multiplex Fluorescent Reagent Kit Version 2 (#323100, ACDBio) for 
fluorescent target detection. After baking for 1 h at 60°C, tissue sections were 
deparaffinized and treated with hydrogen peroxide for 10 min at RT. Target retrieval 
was performed for 15 min at 97°C, followed by protease treatment for 15 min at 40°C. 
The probes were hybridized for 2 h at 40°C followed by signal amplification. For 
chromogenic detection, the samples were incubated for 45 min with AMP 5–RED 
reagent. The samples were then treated with fast red for 10 min at room temperature 
followed by counterstaining with 50% hematoxylin.  
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For fluorescent detection, Signal amplification and development for HRP channels 
were performed according to the manual. TSA Plus Cyanine 3 fluorophore 
(NEL744001KT, Perkin Elmer), and TSA Plus Cyanine 5 fluorophore 
(NEL745001KT) were used used at 1:1500 dilutions for different probes. The sections 
were counterstained with DAPI.  Probes used for ISH are listed in Table 6. 
 
 
Table 6. RNA in situ hybridization probes. 
 

Gene Probe ID# Article 

JAG1 546181 IV 

HNF6 490081 IV 

HNF1β 490071 IV 

GATA6 603131 IV 

GATA4 579821 III 

CK7 550151 IV 

CFTR 603291 IV 

 

6 Protein expression 

6.1 Protein extraction and western blotting (I, II, IV) 
 
Protein was isolated from cell culture lysates and tissue samples using Nucleospin 
RNA/Protein kit (Machrey-Nagel), separated by weight with 7.5% SDS-PAGE, and 
transferred onto a PVDF membrane (Invitrogen, CA, USA). Nonfat 5% milk in 0.1% 
Tween-TBS was used to block unspecific binding. Primary antibodies were incubated 
o/n at 4°C and secondary antibodies were incubated for 1h at RT. Proteins were 
visualised with Enhanced Chemiluminescence Prime kit (G&E healthcare, IL, USA). 
β-Actin or GAPDH were used as loading controls. The primary and secondary 
antibodies used are listed in Table 7. 

6.2 Immunoperoxidase and immunofluorescence stainings (I, III, IV) 
 
FFPE liver sections were deparaffinized, hydrated, and treated with 10 mM citric acid 
in 97°C for 20 min or Target retrieval solution for 35 min (Dako, Glostrup, DK). 
Endogenous peroxidase activity was blocked with 3% H2O2, and nonspecific binding 
was prevented by using 1.5% normal serum. Immunoperoxidase staining was 
performed using a polymerized reporter enzyme staining system (ImmPRESS reagent 
kit; Vector Laboratories, Burlingame, CA or Novolink Polymer Detection System; 
Leica Biosystems, Newcastle, GB) to visualize the bound antibody. Primary 
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antibodies, listed in Table 7, were incubated overnight at 4°C. In control experiments, 
nonimmune serum replaced the primary antibody. Sections were counterstained with 
hematoxylin.  
 
For immunocytochemistry, HUH6 cells were cultured in Matrigel coated Nunc 
LabTek 2-well chamber slide systems (Thermo Scientific, Waltham, MA). Cells were 
fixed and permeabilized in 100% methanol. Unspecific binding was blocked with 
UltraVision Protein Block (Thermo Scientific). Cells were incubated in primary 
antibody for 1h at RT (listed in Table 7).  
 
Images were collected using 3DHISTECH Panoramic 250 FLASH II digital slide 
scanner at Genome Biology Unit (Research Programs Unit, Faculty of Medicine, 
University of Helsinki, Biocenter Finland). 

 
Table 7. Primary antibodies used in this study. 

 

Antigen Species Reference# Method (dilution) Article 
β-actin goat SC-1616 WB (1:10 000) I,II 

BCL2 mouse MO887 WB (1:500) II 
BCLXL rabbit 2762S WB (1:500) II 
BID mouse SC-373939 WB (1:500)  
Cytokeratin 7 rabbit SP52 IHC (1:1000) IV 

E-cadherin mouse  IF (1:200) III 

Erythropoietin rabbit SC-7956 IHC (1:100) I 

GATA4 (human) mouse AF2606 IHC (1:6000), ICC (1:200), 
IF (1:150) 

I,III 

GATA4 
(human/mouse) 

goat SC-1237 IHC (1:200), WB (1:1000) I, II 

GATA6 (human) rabbit SC-9055 IHC (1:1200), ICC (1:200) I,IV 

GATA6 
(human/mouse) 

goat AF1700 IHC (1:1200), WB (1:1000) IV 

Ki-67 mouse SC-15402 IHC (1:200) I 

N-cadherin mouse  IF (1:50) III 

 

7 Apoptosis, proliferation, and cell viability assays (II) 

Apoptosis was analysed from HUH6 cells with Caspace-Glo 3/7 luminescent Assay 
(Promega, Madison, WI, USA), measuring the activity of apoptosis effector caspaces 
3 and 7. Luminometer (Lab systems Luminoskan RS, Helsinki, Finland) was used to 
detect the luminescence levels. Cell proliferation was assessed by BrdU Assay 
(Invitrogen, Carlsbad, CA, USA) according to manufacturer’s instructions. The assay 
measures incorporation of a thymidine analog, into the newly synthesised DNA of 
proliferating cells. Cell viability was measured with WST-1 assay (Roche, Basel, CH), 
based on the level of mitochondrial enzymes present in viable cells. Colorimetric 
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BrdU and WST-1 assays were analyzed with a spectrophotometer (Multiskan EX, 
Thermo Scientific, MA, USA). 

8 Migration assays (III) 

For wound healing assay, HUH6 cells were cultured for 24h on a collagen I–coated 
plates. A scratch was created in the confluent cell monolayer and images were 
captured in the beginning (0h) and after 24h. Remainder of migrating cell area from 
the two timepoints was calculated. 
 
For transwell migration assay, a suspension of 6x104 HUH6 cells was applied to 8µm-
pore inserts, with the bottom of the insert coated with collagen I. Serum-free media 
was applied in the upper chamber, and normal growth media in the lower chamber. 
Cells were allowed to migrate for 40 hours, after which the cells were fixed with 4% 
PFA and stained with crystal violet. The number of migrated cells was manually 
counted under light microscope from 5 fields per well.  
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RESULTS AND DISCUSSION 

1 GATA4 IN HEPATOBLASTOMA PATHOGENESIS (I, II, III) 

1.1 GATA4 expression in normal liver and hepatoblastomas (I, III) 

 
Transcription factor GATA4 is expressed in early human fetal liver at gestational week 
(GW) 8 (159). We demonstrated that by GW12 it is mostly restricted to the non-
hepatocyte cell population of the liver (I). Contradictory reports about the expression 
and function of GATA4 in postnatal hepatocytes have been published (159, 160, 162, 
176). We therefore studied the expression levels of GATA4 in livers of healthy organ 
transplant donors with a normal liver histology (n=18). Low or negligible levels of 
GATA4 mRNA and protein were expressed in normal hepatocytes (Figure 6A-B). 
GATA4 protein expression varied to some extent among the liver samples and through 
different areas of the samples, whereas GATA4 mRNA exression remained more 
consistent. Contrary to the findings in hepatocytes, high GATA4 expression was found 
in vena endothelium, sinusoidal endothelial cells, and Kupffer cells in all the samples 
(Figure 6B). 

 
In HB tissue, GATA4 was highly expressed compared to hepatocytes of normal liver 
samples and to the liver parenchyma adjacent to the tumor cell areas in HB samples. 
Especially tumor areas with a distinct embryonal, undifferentiated histology were 
highly positive for GATA4. This high expression of GATA4 was reflected in both 
mRNA and protein levels (Figure 6C-D).  
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Figure 6. GATA4 expression is absent in normal hepatocytes and high in HB tumor cells. 
A-B: In situ hybridization (A) and immunohistochemistry (B) of GATA4 in normal adult liver 
(NL) demonstrate very low or absent expression of GATA4 in hepatocytes (black arrowhead), 
and high expression in Kupffer cells (arrow).  
C-D: In situ hybridization (C) and immunohistochemistry of GATA4 in an embryonal 
hepatoblastoma (HB) demonstrate abundant GATA4 expression in tumor cells (white 
arrowhead). Red indicates positive signal of GATA4 mRNA and blue indicates positive signal 
of DAPI (A and C). Brown indicates positive signal for GATA4 (B and D).  

1.1.1 GATA4 in HUH6 cell line 

 
In this study, a human HB cell line HUH6 was used as an in vitro model. We found a 
high endogenous GATA4 expression at both mRNA and protein level in this cell line, 
and HUH6 cells were thus well suited for our purpose to study the role and function 
of GATA4 in HBs. An indisputable weakness of this study is the usage of only one 
cell line to model the actions of GATA4 in HBs. This is due to the fact that there are 
only few other HB cell lines established, and some of them are indefinitive as to the 
character or diagnosis of the originating tumor (177). For instance, HepG2 cell line, 
derived from a 15-year-old child with liver tumor, has been commonly referred to as 
hepatocellular carcinoma but recently re-characterized as epithelial HB (168). 
Consistent with this, we found high levels of GATA4 mRNA in HepG2 cells (data not 
shown), and in the planned future experiments, also this cell line will be utilized beside 
HUH6.  
 
The disadvantages of cell lines in general are lacking of the tumor microenvironment 
and loss of their original characteristics during years or growing on plate. An 
interesting and more reliable model to test tumor behavior would be transplantation-
based or genetically engineered (GEMM) mouse models [reviewed in (178)]. Patient-
derived xenograft model where the tumor cells of a patient are transplanted into an 
immunodeficient mouse, are able to recapitulate the original nature and gene 
expression of the tumor cells, and even to develop pulmonary metastasis (179, 180). 
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GEMM mouse models for HB include c-Myc or  mutant β-catenin expressing 
transgenic mice [reviewed in (180)]. 

1.1.2 GATA4 expression in hereditary tyrosinemia type 1 and childhood 
HCCs 

 
To find out if the high GATA4 levels were specific to HBs, we also assessed GATA4 
expression profile in hepatocellular carcinomas (HCC). We found that in contrast to 
HBs, 9/10 of the adult HCCs were negative for GATA4 similar to normal postnatal 
hepatocytes (I). In children, HCC is more uncommon than HB and its incidence 
increases with age. Only 0.5-1% of all childhood liver malignancies are HCCs (26, 
181). Hereditary tyrosinemia type 1 (HTT-I) is a metabolic disorder enriched in 
Finland leading to abnormal liver function and associates with HCC tumorigenesis 
(182). HTT-I is caused by deficiency of the enzyme fumaryl acetoacetate hydrolase 
(183). It ultimately causes liver cirrhosis and increased regeneration of liver tissue; the 
regeneration nodules are preneoplastic and have a high risk of transforming into HCC 
if early liver transplantation is not performed. Interestingly, majority of childhood 
HCCs (chHCC) and HTT-I regeneration nodules, predisposing to HCC tumors, both 
abundantly expressed GATA4 (Figure 7). This reflects the fact that although 
theoretically different cellular origins and etiologies of these tumors, there is a thin red 
line between pediatric HCC and HB, and the histological diagnosis is not always clear.  
 

 

Figure 7. GATA4 expression is high in HTT-I and chHCC.  
Immunohistochemical stainings demonstrate abundant expression of GATA4 in  
A: HTT-I regeneration nodulus and B: childhood HCC tumor. 
Brown indicates positive signal for GATA4 in nuclei. 
 

1.2 Modification of GATA4 level in HUH6 cells (I, II, III) 
 
We hypothesized, that GATA4 is a driver of a malignant phenotype of HB, thus 
providing these neoplastic cells an advantage in growth, survival, or metastasis. For 
assessing the significance of GATA4 in HB cells, modification of GATA4 expression 
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levels in HUH6 cell line was performed, and thereafter the subsequent changes in 
function and gene expression were measured with several methods.  

 
GATA4 was overexpressed in HUH6 cells with a GATA4 wild type (WT) adenovirus 
vector and LacZ vector was used as a control (Figure 8A). However, since HUH6 cells 
readily had a high endogenous expression of GATA4, the primary aim was to 
downregulate it to find significant differences in cell behavior in the absence of 
GATA4. GATA4 function was disturbed by a GATA4 DN adenovirus (I). A flag 
subunit was attached to the GATA4 mutant construct, and as shown in Figure 8B, the 
GATA4 DN was strongly expressed in HUH6 cells. Actual knockdown of GATA4 
down to 20% from the original expression level was reached with siRNA constructs 
(II, III). The silencing of GATA4 was demonstrated at mRNA (Figure 8C) and protein 
(Figure 8D-E) levels. An even more specific and efficient way of gene manipulating 
that could be used in our future studies is the CRISPR Cas9 technology, in which a 
site-specific double strand break in the DNA is created with Cas9 endonuclease to 
silence the gene of interest (184). 
 
GATA4 and GATA6 are shown to have functional redundancy in many tissues (158, 
185). As GATA6 is expressed in untreated HUH6 cells and also in many HB tumors, 
we measured the expression of GATA6 mRNA 72 hours after knockdown of GATA4 
and found that GATA6 levels remained unaltered. It is, however, possible that GATA6 
can take up some functions of GATA4, even though its expression remained constant. 
 

 

Figure 8. Modification of GATA4 
expression in HUH6 cell line. 
A: Western blot (WB) of GATA4 
overexpression with WT virus compared to 
LacZ control virus. β-actin serves as loading 
control in WBs.  
B: Flag protein is detected with WB in the 
cells infected with DN, unlike LacZ control.  
C: Relative expression of GATA4 mRNA 
after treatment with nontarget (NT) siRNA 
and GATA4 (G4) siRNA. **=p<0.01. 
D: WB of GATA4 after siRNA treatment.  
E: Immunofluorescence staining 
demonstrates reduced GATA4 expression 
after G4 siRNA compared to control NT 
siRNA. Blue indicates positive signal of 
DAPI, green indicates positive signal of 
GATA4.
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1.3 Relation of GATA4 to HB cell apoptosis (II) 
 
Apoptosis is a process of programmed cell death, normally activated by a DNA 
damage which is beyond repair. Apoptosis plays an important role in development and 
tissue homeostasis, and its dysregulation leads to many diseases, including cancer 
(186). One hallmark of tumor development is the ability of the cancer cell to escape 
apoptosis. Two apoptotic pathways exist; extrinsic (death receptor pathway) is 
activated when a ligand binds to the death receptor on the cell surface, whereas 
intracellular stimuli can induce apoptosis by releasing mitochondrial cytochrome-c. 
Both pathways trigger the caspace cascade which eventually executes the programmed 
cell death [reviewed in (187)].  
 
The balance of the anti- and proapoptotic B-cell lymphoma-2 (BCL2) protein family 
members determines the threshold of the intrinsic apoptotic pathway [reviewed in 
(188)]. The antiapoptotic members include BCL-2, BCL-XL, BCL-XS, BCL-w, and 
BAG; and the proapoptotic members include BCL-10, BAK, BAX, BID, BIM, BIK, 
and BLK (189). The expression of BCL2 proapoptotic genes is frequently 
downregulated in HBs, whereas the anti-apoptotic, prosurvival genes are upregulated 
(54, 55).  
 
GATA4 regulates the cell survival signaling in other cell types. More specifically, it 
is shown to have an anti-apoptotic role in cardiomyocytes, ovarian granulosa cells, 
lung vascular smooth muscle, and childhood acute lymphoblastic leukemia (140, 190-
192).  

1.3.1 Effects of GATA4 modulation on HB cell viability 

 
Cell viability can be altered by changes in cell proliferation or cell death. In addition 
to apoptosis, programmed cell death can occur through three other pathways: necrosis, 
autophagy, or pyroptosis [reviewed in (193)]. Necrosis and pyroptosis occur mostly 
with presence of pathogens and result to an inflammatory response, autophagic cell 
death has characteristics of both necrosis and apoptosis and is often accompanied by 
other cell death pathways. In this study, we focused on HB cell proliferation and 
apoptosis. 
 
First, the effect of modifying GATA4 expression on baseline viability of HUH6 cells 
was assessed. Although there was a trend towards a reduced viability and increased 
apoptosis (measured by activity of executioner caspases -3 and -7) with siRNA-
mediated silencing of GATA4 (Figure 9A-B) this result did not reach a statistical 
significance. GATA4 overexpression by WT adenovirus did not affect baseline 
proliferation or apoptosis (Figure 9C-D). 
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Figure 9. Cell viability, proliferation, and apoptosis in HUH6 cells after GATA4 
modification. 
A: Relative cell viability of HUH6 cells after NT siRNA or G4 siRNA measured by WST-1 
assay. 
B: Relative apoptosis rate of HUH6 cells after NT siRNA or G4 siRNA measured by caspase 
3/7 assay. 
C: Ratio of proliferating cells to all cells after LacZ or WT adenovirus measured by BrdU 
assay. 
D: Relative apoptosis rate of HUH6 cells after LacZ or WT adenovirus measured by caspase 
3/7 assay. p>0.05 compared to NT or LacZ in all experiments. 
 
 
Since there was no significant difference in the viability of HUH6 cells after silencing 
GATA4, we presumed that high expression of GATA4 benefits HB cells in some other 
way. In ovarian granulosa cell tumors, GATA4 is shown to protect the cancer cells 
from the extrinsic apoptotic pathway induced by TRAIL (TNF-related apoptosis-
inducing ligand) and also to regulate the components of intrinsic apoptotic pathway 
(131, 132). Next, we assessed whether GATA4 has a similar protective role from 
extrinsic inducers of cell death also in HB cells. 

1.3.2 Effects of Doxorubicin on HUH6 cells 

 
Doxorubicin (Dox) is an anthracycline drug commonly used in the treatment of high-
risk HB patients. The main mechanisms of its action are disruption of topoisomerase-
II-mediated DNA repair and generation of free radicals damaging cell components 
[reviewed in (194)]. A well-known side effect of Dox therapy is cardiomyopathy 
(195). Downregulation of GATA4, abundantly expressed in normal cardiomyocytes 
and essential for their function, has been implicated in pathogenesis of Dox-induced 
cardiomyopathy. Dox is shown to suppress GATA4 expression and its DNA-binding 
activity in cardiomyocytes (196-201). Furthermore, silencing GATA4 in these cells 
enhances the Dox-induced autophagy and apoptosis by affecting BCL2 (B-cell 
lymphoma-2) mediated intrinsic pathway (198, 202) (Figure 13).  
 
The expression of BCL2 proapoptotic genes is frequently downregulated in HBs, 
whereas the anti-apoptotic, prosurvival genes are upregulated (54, 55). Since Dox is 
effective for treatment of HB, we hypothesized it may act partially through GATA4 
mediated apoptotic mechanisms also in HB cells. Increasing concentrations of Dox 
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were administered to HUH6 cells and a significant apoptotic response was reached on 
after 48 hours of Dox treatment with a concentration of 100ng/ml (II).  

1.3.3 DOX inhibits GATA4 expression and alters the balance of BCL2 protein 
family  

 
Similar to its actions in cardiomyocytes (198), Dox markedly decreased GATA4 
mRNA and protein levels in HUH6 cells with concentration of 50ng/ml (Figure 10). 
We also measured the effect of Dox on the expression of several BCL2 family 
members (anti-apoptotic BCL2, BCLXL, BCL-W, and pro-apoptotic BAK, BID, BAD, 
BAX) and found a statistically significant decrease in BCL2 and an increase in BAK 
with concentration of 100ng/ml (Figure 10). 
 

 

 
 

Figure 10. Effects of Dox on GATA4, BCL2, and BAK in HUH6 cells. 
Dox treatment for 48 hours causes downregulation of GATA4 and antiapoptotic BCL2, and 
an upregulation of proapoptotic BAK. *=p<0.05 compared to Dox 0 ng/ml. 

1.3.4 DOX-induced apoptosis is enhanced with GATA4 silencing 

 
To investigate whether the reduction of GATA4 after Dox treatment was causing the 
altered expression of the BCL2 protein family members, we measured their expression 
after siRNA-mediated GATA4 silencing. Two members of the BCL2 family were 
altered, antiapoptotic BCL2 and proapoptotic BID, demonstrated at both mRNA 
(Figure 11A) and protein (Figure 11B) levels. Like the expression changes of BCL2 
and BAK after Dox treatment (1.3.3), also these changes shifted the balance of the 
intrinsic apoptotic pathway towards a proapoptotic direction. 
 
Finally, we measured the cell viability and apoptosis of HUH6 cells after combination 
of GATA4 siRNA (72h) and Dox (48h) treatment. We found a significant difference 
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in both cell viability and apoptosis at concentration 100ng/ml compared to control 
cells treated with NT siRNA and Dox (II and Figure 11C). 
 
 

 
 
Figure 11.  GATA4 silencing affects the expression of BCL2 and BID, and increases Dox-
induced apoptosis in HUH6 cells. 
A-B: Relative expression of BCL2 is reduced and BID is increased with after GATA4 silencing 
(G4) compared to control (NT), as shown with qPCR (A) and western blotting (B).  β-actin 
serves as loading control.  
C: Relative apoptosis rate after Dox treatment is higher with GATA4 siRNA (G4) compared 
to control siRNA (NT), measured by caspace 3/7 assay. *=p<0.05 compared to NT. 

 
It is not known, whether GATA4 is a direct regulator of BCL2 and BID in HUH6 cells, 
or what other mechanisms and pathways are mediating this effect. Chromatin 
immunoprecipitation (ChIP) studies are needed in the future to clarify the interaction 
of GATA4 and promoters of these genes in HUH6 cells. In cardiomyocytes, GATA4 
is demonstrated to bind GATA site of the BCL2 promoter and positively regulate this 
gene (203). The mode of action of Dox and GATA4 silencing in cardiomyocytes is 
demonstrated in Figure 12A. The present results demonstrate that silencing GATA4 
sensitizes HUH6 cells to Dox-induced apoptosis (Figure 12B). Based on these 
findings, we hypothesize that GATA4 may protect HB cells from Dox also in vivo and 
thus enhance the drug resistance of these tumors. 
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Figure 12. Schematic figure of sensitizing HUH6 cells to Dox-induced cell death in 
cardiomyocytes vs. HB cells by silencing GATA4.  
A: In cardiomyocytes, Dox decreases GATA4 expression, subsequently leading to 
downregulation of antiapoptotic BCL2 and BCL-XL. These changes promote cardiomyocyte 
autophagy and apoptosis (202, 204). 
B: In HB cells, Dox affects the expression of BCL2 and BAK and downregulates GATA4. 
GATA4 downregulation with siRNA alters the expression of BCL2 and BID. When these two 
are combined, the balance of the BCL2 proteins shifts towards pro-apoptotic and Dox-induced 
apoptosis is enhanced (II). Dox=doxorubicin. 

1.4 The significance of GATA4 in hepatoblastoma migration and 
epithelial-mesenchymal transition (III) 

1.4.1 RNA microarray hybridization of GATA4 silenced HUH6 cells 

 
To unravel the role of GATA4 in HB pathophysiology, a more unbiased approach was 
needed in search for putative target genes and pathways. For this purpose, we 
performed an mRNA microarray hybridization on GATA4 silenced and control HUH6 
cells. We used two sets of samples (n= 3 NT + 3 G4 in each set) and listed the genes 
that were differentially expressed in both sample sets. Purpose of this was to find the 
set of genes that were constantly altered by GATA4 silencing, since HUH6 cells tend 
to differentiate in culture with time. In line with this notion, there was a statistically 
significant difference between the gene expression of the two sample sets of control 
HUH6 cells collected within 14 days of time. The list of overlapping differentially 
expressed genes included 106 genes, from which 79 were upregulated and 34 were 
downregulated (Figure 13).  
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Figure 13. A heatmap of top 50 differentially expressed genes in HUH6 cells after GATA4 
silencing.
Heatmap and two-dimensional clustering of gene expression changes (by adjusted p-values) 
in RNA microarray hybridization of GATA4 silenced (G4) compared to control (NT) HUH6 
cells.  
 
Gene Ontology (GO) analysis (205) was performed on the differentially expressed 
genes to identify biological processes associated with GATA4 inhibition. A 
substantial proportion of the altered genes and biological processes were connected to 
epithelial-mesenchymal transition (EMT) (Table 8). EMT is a gradual process, in 
which the polarized epithelial cell detaches from the basement membrane and adjacent 
cells, obtains enhanced migratory capacity, and produces increased amounts of 
extracellular matrix components. The end point of EMT process is change in cell 
phenotype to a mesenchymal cell, capable of degrading and invasing the basement 
membrane, and migrating from its original site [reviewed in (206)]. Tumor cells 
frequently harness developmental processes and pathways. Accordingly, EMT is 
crucial for normal embryogenesis and organ development, but also a hallmark 
molecular phenomenon in cancer metastasis [reviewed in (207)]. EMT has been 
recognized as an important factor also in hepatocarcinogenesis (208). 
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Table 8. Gene set enrichment analysis of GATA4 silenced HUH6 microarray data. 

 
 
The changes in EMT-related processes were not completely surprising, since previous 
work in Drosophila and MDCK (Madin-Darby canine kidney) cells suggests GATA4 
and GATA6 as conserved repressors of cell epithelial characteristics and as promoters 
of migration and mesenchymal gene expression (209). Another transcription factor, 
HNF4α, promoting hepatocyte lineage differentiation from hepatoblasts, is also 
connected to EMT in HCCs. Loss of HNF4α expression has been demonstrated to 
cause loss of cell polarity, and cell-cell and cell-ECM adhesion in mouse HCC 
xenografts (210). Of interest, HNF4α  has been connected to GATA-factors in 
endoderm development and in HepG2 cell culture experiments (153, 211). 

1.4.2 Altered expression of EMT genes in HUH6 cells after GATA4 silencing 

 
For further analyses, we selected genes related to epithelial-mesenchymal-balance, 
adhesion, migration, and invasion from the list of differentially expressed genes 
(DEGs) in HUH6 RNA microarray and validated the results with qPCR. As the 
microarray sensitivity is relatively low, we also selected some key genes that were not 
significantly altered in the array, but important for EMT or connected to GATA4 in 
other tissues, for qPCR analysis. The altered genes were categorized into three groups 
according to their function: 1) organization of the actin cytoskeleton and migration, 2) 
cell-to-cell adhesion and cadherin switch, 3) remodelling of the extracellular matrix 
(ECM) (Table 9). 
 
 

Biological Process GO ID p-value 
Wound healing GO:0042060 0.0003 

Establishment or maintenance of monopolar cell polarity GO:0061245 0.003 

Tissue morphogenesis GO:0048729 0.004 

Epithelial cell differentiation GO:0030855 0.009 

Positive regulation of substrate-dependent cell migration GO:1904237 0.012 

Establishment or maintenance of bipolar cell polarity GO:0061245 0.018 

Establishment of apical/basal cell polarity GO:0035089 0.023 

Calcium-independent cell-matrix adhesion GO:0007161 0.023 

Protein localization to adherens junction GO:0071896 0.023 

Regulation of endothelial cell migration GO:0010594 0.028 

Planar cell polarity pathway involved in axis elongation  GO:0003402 0.035 

Positive regulation of cell-cell adhesion  GO:2000049 0.041 

Establishment of tissue polarity GO:0007164 0.044 
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Table 9. Altered gene expression of HUH6 cells after GATA4 silencing. 
 

 
 RNA microarray qRT-PCR 

Gene 
Ratio 

G4/NT p-value 

Ratio 
G4/N

T p-value 
1) Cytoskeleton reorganization and migration 

ADD3 0,75 0.0057** 0,73 0.043* 
AHNAK 0,78 0.0007** 0,61 0.015* 
DOCK8 0,97 0.62 0,71 0.033* 

RHOU 0,76 9.61E-05** 0,69 0.002** 
SYTL2 0,66 8.18E-07** 0,48 0.008** 
SRC 0,99 0.45 0,77 0.033* 
RHOB 1,28 0.0023** 1,46 0.034* 

2) Cadherin switch 

CDH1 1,02 0.074 1,47 0.001** 
CDH2 0,95 0.12 0,71 0.045* 

3) ECM remodelling 

MSF 0,64 6.88E-06** 0,57 0.005** 

IGFBP1 0,76 0.0006** 0,51 0.007** 
TIMP2 0,93 0.08 0,88 0.048* 
MMP1 0.99 0.13 0,46 0.030* 
COL4A1 1,32 0.0031** 1,46 0.048* 

 
ADD3=adducin 3, AHNAK=ahnak nucleoprotein, DOCK8=dedicator of cytokinesis 8, RHOU=Ras 
homolog family member U, SYTL2=synaptotagmin like 2, SRC=SRC proto-oncogene, RHOB=Ras 
homolog family member B, CDH1=cadherin 1 (encoding E-cadherin), CDH2=cadherin 2 (encoding 
N-cadherin), FN1-7.3=fibronectin 1 splice variant 7.3 (encoding FN-EDB), IGFBP1=IGF binding 
protein 1, TIMP2=tissue inhibitor of metalloproteinase 2, MMP1=matrix metalloproteinase 1, 
COL4A1=collagen type 4 alpha 1 chain. *P<0.05, **P<0.01. 

1.4.3 GATA4 promotes reorganization of actin cytoskeleton and cadherin 
switch in HB cells 

 
After siRNA mediated silencing of GATA4, a change in the organization of the 
filamentous actin (F-actin) fibers was evident with phalloidin immunostaining. In 
control cells with abundant GATA4 expression, F-actin formed stress fiber bundles in 
cytoplasm enabling cell contraction and movement (Figure 14A). In GATA4 silenced 
cells, F-actin was re-localized mainly in the peripheral parts of the cell, adjacent to 
cell membrane and stress fiber formation was reduced (Figure 14B).  

 
Cadherin switch is a hallmark molecular phenomenon in the EMT process. Epithelial 
E-cadherin is downregulated, and mesenchymal N-cadherin is upregulated, loosening 
the attachment of the cell to adjacent epithelial cells and increasing its migratory 
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capacity (212). Cadherin switch is reported to occur in metastatic HCCs and is 
connected to poor prognosis (213). We demonstrated a reverse cadherin switch when 
GATA4 was downregulated in HUH6 cells, i.e expression of E-cadherin was 
increased after G4 siRNA (Figure 14D) compared to NT siRNA (Figure 14C), 
whereas N-cadherin was decreased after G4 siRNA (Figure 14F) compared to NT 
siRNA (Figure 14E). Of note, GATA4 regulates E-cadherin and N-cadherin 
expression also in other tissues, including MDCK cells and ovarian granulosa cells 
(209, 214)  
 
 

 
 

Figure 14.  Changes in F-actin cytoskeleton organization and cadherin localization after 
GATA4 silencing. 
Immunofluorescence stainings of  
A-B: In control HUH6 cells (A), F-actin filaments form stress fibers that enable migration, 
after silencing GATA4 (B), F-actin is located mostly on the cell surface and stress fibers are 
scarce. 
C-D: epithelial-type E-cadherin is increased on cell surface after GATA4 silencing (D) 
compared to control (C).  
E-F: mesenchymal-type N-cadherin is increased on cell surface after GATA4 silencing (F) 
compared to control (E). NT=nontarget siRNA, G4=GATA4 siRNA 

1.4.4 GATA4 promotes migration of HUH6 cells 

 
Although EMT is a recognized hallmark of cancer progression, there are only few 
studies about EMT in HBs. In a recent report, Pei et al. demonstrated that GATA4 
promotes the migration and invasion of HUH6 cells (215). We measured the migration 
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of HUH6 cells after GATA4 silencing with two parallel methods and confirmed that 
cells with less GATA4 migrate significantly slower than control cells (Figure 15). This 
result suggests, that GATA4 is a key factor required for maintaining the migratory 
capacity of HB cells, in the same manner as previously shown in MDCK cells (209). 
Presumably, the specific alterations in gene expression demonstrated above account 
for this change in HUH6 cell function. 
 
 
 

 
 
Figure 15. Changes in HUH6 migration after GATA4 silencing. 
A scrach migration assay demonstrates that the area of migrating cells from timepoint 0h to 
24h is 2.6 times (E) larger in NT control cells (A and C) compared to GATA4 silenced (G4) 
cells (B and D). **=p<0.01 compared to NT. The assay was performed in triplicate. 
 

1.4.5 Enforced expression of GATA4 alters gene expression in human 
primary hepatocytes 

 
As GATA4 maintains the migratory and mesenchymal-like gene expression in HB 
cells, the next interesting question is whether GATA4 overexpression is able to initiate 
this gene expression profile in normal hepatocytes. To test this hypothesis, we forced 
the overexpression of GATA4 by plasmid-mediated transfections in primary human 
hepatocyte culture. The baseline expression of GATA4 was very low in primary 
hepatocytes, and the GATA4 expression plasmid led to a 229-fold increase in its 
expression level. The subsequent changes in gene expression in terms of the EMT-
associated genes altered in GATA4 silenced HUH6 cells was assessed with qPCR. The 
majority (10/14) of these same genes were significantly altered in primary hepatocytes 
after GATA4 overexpression (Figure 16). Out of the altered genes, 8/10 were altered 
in opposite direction with GATA4 silenced HUH6 cells, implying that GATA4 can 
change the gene expression profile of hepatocytes to a mesenchymal direction, and 
thus have a role also in cancer initiation. 
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Figure 16. Changes in gene expression of primary human hepatocytes after forced GATA4 
overexpression. 
Differentially expressed genes were involved in  
A: migration or cytoskeleton reorganization, B: cadherin switch, C: ECM remodulation.  
*P<0.05, **P<0.01, compared to control cells. 

1.5 Summary of the findings in HB (I, II, III)  
 

Our findings of GATA4 acting as an oncogene in HBs contradicts a recent report 
where GATA4 was demonstrated as a tumor suppressor, frequently silenced in HCCs 
(176). GATA4 is a tumor suppressor in many types of cancer, including colorectal, 
esophageal, and lung cancer, where the GATA4 promoter is frequently methylated 
(216-218). On the other hand, high GATA4 expression is associated with poor 
prognosis and malignant behavior of ovarian granulosa cell tumors (131-133). It is 
possible that GATA4 has variant or even opposite roles in different tissues, or even in 
the same tissue during different phases of development or cellular differentiation. 
HCCs are typically tumors of adults or older children, derived from mature 
hepatocytes, with a different etiology than HBs. It is likely that a complex network of 
molecules and pathways is required for the HB tumorigenesis, GATA4 being but a 
small part of the entity.  
 
 
All in all, the present results demonstrate that transcription factor GATA4 is frequently 
overexpressed in HB tumors compared to normal liver. However, it is not known 
whether GATA4 is an “innocent bystander” or plays an actual role in the function, 
growth, or survival of HB cells. In a HB cell line, silencing GATA4 promotes Dox-
induced apoptosis, decreases migration, and shifts their gene expression towards a 
more epithelial type. On the contrary, overexpression of GATA4 in normal 
hepatocytes increases the expression of genes promoting mesenchymal phenotype. 
These results cannot be directly extrapolated to HB tumors in vivo, as immortalised 
cell lines are in many aspects not the ideal disease models. In the future experiments 
of GATA4 in HB pathobiology, other models like patient derived xenografts and 
genetically engineered mouse models might give more reliable answers to these 
questions. 
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2 GATA6 IN BILIARY ATRESIA PATHOGENESIS (IV) 

2.1 GATA6 expression in normal liver and biliary atresia 

 
GATA6 is required for the early murine liver development, and later in gestation it 
colocalizes in cells expressing HNF1α (155, 160) . GATA6 expression is reported also 
in adult mouse and rat hepatocytes, where it activates the fatty acid binding protein 
gene Fabpl in cooperation with GATA4, GATA5 and HNF1α (160, 162). In normal 
postnatal human liver, GATA6 protein expression is shown to be restricted to non-
hepatocyte cell population (127).  
 
To clarify the expression profile of GATA6 in normal human fetal and postnatal liver, 
we performed mRNA in situ hybridization and immunohistochemistry. At gestational 
week (GW) 13, all cells of the liver abundantly expressed GATA6 (Figure 17A). By 
GW 32, GATA6 expression was found in bile duct epithelium, vena endothelium, and 
inflammatory cells of the liver. In adult human liver, the expression pattern was similar 
to the late stage fetal liver, where hepatocytes showed negative or weak signal (Figure 
17B-C) and cells of bile duct epithelium, cholangiocytes, were strongly positive for 
GATA6 mRNA (Figure 17D) and protein (Figure 17C). 
 
The expression of GATA6 in BA differed from that of normal liver. GATA6 mRNA 
and protein were highly expressed in the hepatocytes of BA livers, especially around 
the ductal reactive areas (Figure 17E-F). The expression was strongest in the 
differentiated bile duct epithelium, similar to normal liver. A descendent gradient in 
GATA6 immunoreactivity could be seen in hepatocytes from the portal areas towards 
the central vein.  
 
Double in situ hybridization of GATA6 and cytokeratin 7 (CK7) demonstrates that 
GATA6 expression is not restricted to reactive ductular cells or hepatocytes 
undergoing ductal metaplasia but expressed in vast majority of hepatocytes in BA 
livers (Figure 17F). A similar expression pattern is reported with another transcription 
factor essential for normal cholangiocyte differentiation, SOX9, suggested to play a 
rolein the development of DR. Expression of SOX9 in newly formed ductal reactive 
cells and adjacent hepatocytes correlates to blood markers of  inflammation and liver 
injury, and furthermore with patient age at PE (219).   

2.1.2 GATA6 expression correlates to established prognostic factors of BA 

 
We correlated GATA6 protein expression in BA patients to several histological [bile 
ductule expansion (BDE), fibrosis, periportal inflammation] and clinical (survival 
with native liver, syndromic/nonsyndromic BA, age at PE, blood laboratory values) 
variables. We found a significant correlation to bile ductule expansion rate (visualized 



RESULTS AND DISCUSSION 

 55 

by CK7 staining), age at PE, and plasma alanine aminotransferase (p-ALT), a marker 
for hepatocyte injury (IV). Histologically limited BDE and PE at early age are both 
known indicators of positive prognosis for BA (96, 220).  
 

 
 

Figure 17. GATA6 is differentially expressed in normal liver and biliary atresia. 
A: GATA6 protein is expressed in fetal liver hepatoblasts at gestational week 13.  
B-C: GATA6 in situ hybridization (B and D) and immunohistochemistry (C) of normal adult 
liver demonstrates positive signal in cholangiocytes and negative hepatocytes. 
E and F: GATA6 protein (E) and mRNA (F) are abundantly expressed in BA hepatocytes in 
addition to its normal expression in cholangiocytes. Dashed line demonstrates the ductal 
reaction area. 
Arrowhead=hepatocyte, arrow=cholangiocyte. Brown indicates positive signal for GATA6 
protein in nuclei. Green indicates positive signal for GATA6 mRNA, red indicates positive 
signal for CK7 mRNA, and blue indicates DAPI staining in the nuclei. Scale bars: 20µm (B 
and D) or 200µm (others). 

2.2 GATA6 expression in mouse models for BA 

 
Several animal models for BA have been developed to study the etiology and 
treatment of this disease [reviewed in (221)]. In this study, we used two mouse models 
to study GATA6 expression which both develop severe cholestasis and DR. 14 days 
after surgical bile duct ligation (BDL) (222), GATA6 was highly expressed in DR 
areas and hepatocytes (Figure 18B). The sham-operated mice had very low GATA6 
immunoreactivity in hepatocytes, but high GATA6 expression in bile duct epithelium, 
in keeping with our findings in normal human postnatal liver (Figure 18A). Another 
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model for DR was the Alb-Cre;Rbpjflox/flox;Hnf6flox/flox mouse [liver-specific double knockout 
(DKO)] (164), which failed to develop the intrahepatic small branches of biliary tree 
at postnatal day (P) 30, and thereafter had a subsequent prominent DR. The bile flow 
is normalized by P120, when the intrahepatic ductules regenerate. The control mice 
(Alb-Cre negative Rbpjflox/flox;Hnf6flox/flox  mice) demonstrated very low or negative GATA6 
mRNA and protein expression at P30 and P120 (Figure 18C and E), whereas DKO 
mice hepatocytes where strongly positive for GATA6 (Figure 18D). By P120, when 
the liver histology was normalized, GATA6 expression in DKO hepatocytes had 
abolished (Figure 18F). Other animal models of BA could be used in future studies to 
confirm these findings; the closest of them to mimic the human disorder is the rhesus 
rotavirus A-induced extrahepatic biliary obstruction (223).  
 

 
 

Figure 18. GATA6 protein expression in two mouse models for BA. 
GATA6 immunohistochemistry in A: sham control mouse liver, B: BDL mouse liver (14 post-
operative days), C: P30 control mouse liver, D: P30 DKO mouse liver, E: P120 control mouse 
liver, F: P120 DKO mouse liver. Arrowhead=hepatocyte, Arrow=cholangiocyte. Brown 
indicates positive staining of GATA6 in nuclei. Scale bar 50µm. 

2.3 GATA6 expression decreases after portoenterostomy operation 

 
PE is a palliative operation in which the bile flow is re-established and cholestasis 
alleviated. A successful PE (i.e. normalized serum bilirubin after operation) leads to 
improvement of the patient clinical parameters, the cholestatic laboratory values, and 
reduction of portal inflammation in liver (224, 225).  
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We measured GATA6 expression in BA follow-up biopsies (BA-post-PE) taken 302-
6887 days after PE. There was a significant reduction in hepatocyte GATA6 
expression after succesful PE. qPCR from whole liver biopsies demonstrates high 
GATA6 expression levels in BA samples compared to normal late fetal liver (FL), 
adult liver (AL), BA-post-PE samples, and other cholestatic neonatal conditions (DC) 
(Figure 19A). To assure that this reduction is not due to decreased amount of DR and 
bile ducts, we localized GATA6 mRNA with in situ hybridization in BA (Figure 19B) 
and BA-post-PE (Figure 19C) samples. We confirmed that in BA samples GATA6 
expression was localized in hepatocytes and was decreased after PE. The 
downregulation of GATA6 after PE was also evident in protein level as shown by WB 
(Figure 19D).  
 

 

 
 

Figure 19. GATA6 expression is diminished after successful PE. 
A: A boxplot of relative GATA6 mRNA expression, as determined by qPCR, in different liver 
sample groups. *=p<0.05, **=p<0.01 as compared to BA group. B: In situ hybridization of 
GATA6 in BA liver. C: In situ hybridization of GATA6 in BA-post-PE liver. Green indicates 
positive signal of GATA6 mRNA, blue indicates positive signal for DAPI in nuclei. Scale bar 
150 µm. D: WB detection of GATA6 protein in different liver sample groups. NBI=normalised 
band intensity. 

2.4 Forced expression of GATA6 in primary human hepatocytes promotes 
hepatocyte-cholangiocyte transdifferentiation 

 
GATA6 is highly expressed in normal cholangiocytes, and GATA6 mutations are 
shown to cause bile duct anomalies, including gallbladder agenesis and biliary atresia 
(226, 227). Therefore, we hypothesized that the elevated GATA6 in BA is related to 
a compensation mechanism of the cholestatic liver to produce new bile ducts. Major 
proportion of the neoductules in BA livers arise from proliferating cholangiocytes, but 
also ductal metaplasia of hepatocytes is shown to contribute to BDE (87, 89).  GATA6 
correlated to the level of BDE in BA patients and is particularly high in hepatocytes 
around the DR areas.  
 
To test our hypothesis of GATA6 as a driver of hepatocyte ductal metaplasia, we used 
two hepatocyte cell models, primary human hepatocytes and HepG2 cell line. 
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Enforced overexpression of GATA6 (mRNA levels approximately 1500-fold) was 
reached with plasmid transfections. Subsequent changes in gene expression were 
analysed with qPCR. In both cell types, we found significant upregulation of 
cholangiocyte lineage markers HNF1β, HNF6, and JAGGED1 (JAG1) (Figure 20). 
This result suggests, that GATA6 promotes the expression of genes required for early 
differentiation of cholangiocytes from hepatoblasts. In primary human hepatocytes, 
also DKK1 and HNF4α were upregulated (Figure 20). DKK1 is an antagonist of the 
Wnt signaling pathway, inhibiting the hepatocyte differentiation of hepatoblasts 
during development and disease, thus driving their lineage determination towards 
cholangiocytes (228, 229). Interestingly, one hepatocyte lineage marker, HNF4α, was 
also significantly upregulated with GATA6 overexpression. GATA6 is known to 
directly activate this gene also in embryonal visceral endoderm (153).  
 
 

 
 
Figure 20. Altered gene expression after enforced expression of GATA6 in primary human 
hepatocytes. 
Ratio of relative mRNA expression (Log) in GATA6 overexpression vs. control primary human 
hepatocytes. Value <0 indicates downregulation and value >0 indicates upregulation of a 
gene after GATA6 overexpression. Cholangiocyte lineage markers on the left side and 
hepatocyte lineage markers on the right side. 

2.5 Expression of HNF1ββ, HNF6, and JAG1 is elevated in biliary atresia 

 
Finally, we compared the mRNA expression profiles of the three cholangiocyte 
lineage markers altered in both hepatocyte cell models after GATA6 overexpression 
(HNF1β, HNF6, and JAG1) to that of GATA6. We found that, like GATA6, these genes 
are upregulated in BA samples compared to normal liver, and their expression is 
significantly downregulated after PE (Figure 21A-C). HNF1β, HNF6, and Notch 
signaling, are shown to be dysregulated in BA and other biliary diseases (76-80). 
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Mutations in JAG1 are shown to cause Alagille syndrome, characterized by severe 
paucity of the intrahepatic bile ducts (230). GATA4 and GATA6 are shown to 
modulate Notch signaling also in the developing intestinal epithelium (231).  
 
 

 
Figure 21. Expression of HNF1ββ, HNF6, and JAG1 in different liver sample types. 
Boxplots of relative HNF1β (A), HNF6 (B), or JAG1 (C) mRNA expression, as assessed by 
qPCR, in different liver sample groups. *=p<0.05, **=p<0.01 as compared to BA group.  

 
We assessed the localization of the HNF1β, HNF6, and JAG1 mRNA by in situ 
hybridization in liver samples. In BA samples, mRNA of these genes was expressed 
in both cholangiocytes and hepatocytes, and thus their downregulation after PE is not 
caused solely by reduction of BDE. Their expression in periportal hepatocytes was 
diminished, similar to GATA6 expression. Furthermore, we correlated the mRNA 
expression levels (qPCR) of HNF1β, HNF6, and JAG1 to that of GATA6 in BA and 
BA-post-PE samples, and found a linear correlation between GATA6 and all three 
genes in BA-post-BE samples (IV). This result may indicate that GATA6 regulates 
these genes also in vivo, and thus promotes the pathologic hepatocyte-cholangiocyte 
metaplasia in BA livers.  
 
Taken together, GATA6 is overexpressed in BA hepatocytes, compared to normal 
liver and other neonatal cholestatic conditions. Human GATA6 mutations are 
connected to biliary malformations, suggesting a crucial role for this factor in the 
normal development and function of the biliary tree (226, 227). We hypothesize that 
the elevated GATA6 in BA hepatocytes promotes their ductal metaplasia and thus 
enhances the development of the DR and subsequent liver damage. When the cause of 
the cholestasis is eliminated (successful PE), GATA6 expression together with the 
pathologic changes in histology are reduced. With time, however, vast majority of the 
operated patients develop liver cirrhosis and end up requiring a liver transplantation 
(101). The causes of this ongoing fibrosis, as well as the role of GATA6 in BA 
progression in long term after PE, remain pivotal future questions. The follow-up 
biopsy samples collected from BA patients in Helsinki University Hospital are 
invaluable in unravelling this issue, and they will be utilized in ongoing studies of the 
GATA6-related and other pathways more globally in BA. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

In this thesis work, we have investigated the pathogenesis of two severe diseases of 
pediatric liver; HB and BA. These two conditions have very different 
pathophysiologies and manifestations, yet both affecting infants and small children. 
These studies focused on the differentiation and gene expression changes of 
hepatocytes and its precursors driven by the two transcription factors crucial for 
normal liver development, GATA4 and GATA6. Figure 22 demonstrates a simplified 
cartoon of the expression and role of GATA4 and GATA6 in transdifferentiation of 
different liver cell types from normal liver to HB and BA.  
 

  
Figure 22. Schematic figure of GATA4 and GATA6 in different cell types of normal liver, 
HB, and BA. Image created using image vectors from Servier Medical Art: 
(http://smart.servier.com/), licensed under the Creative Commons Attribution 3.0 Unported 
License. 
 
 
Point-by-point conclusions and future directions of the study: 
 

1) GATA4 regulates apoptosis and increases drug resistance in HB cells. 
GATA4 is highly expressed in HBs, whereas its expression in normal postnatal 
hepatocytes is low or absent. In HUH6 human HB cell line, GATA4 regulates the 
balance of the BCL2 protein family members and drives them towards an anti-
apoptotic and pro-survival direction. Silencing GATA4 in these cells sensitizes them 
to the apoptotic effects of doxorubicin, a commonly used cytotoxic drug in the 
treatment of HB.  
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2) GATA4 promotes the malignant mesenchymal phenotype of HB cells. 
GATA4 silencing alters the gene expression of HUH6 HB cells towards an epithelial 
phenotype and reduces the migratory capacity in these cells. Altered expression of 
EMT-related genes affecting 1) cytoskeleton reorganization, 2) cadherin swich, and 
3) ECM remodulation was demonstrated after GATA4 silencing in HB cells. Opposite 
changes occurred in cultured primary hepatocytes with GATA4 overexpression, 
suggesting that GATA4 not only maintains this phenotype in HB cells, but may also 
be capable of inducing a mesenchymal-type gene expression when overexpressed in 
normal liver.  

 
Future aspects: More specific knowledge about the gene regulation by GATA4 in 

HBs is required. Chromatin immunoprecipitation studies would identify the direct 
target genes of GATA4 and will be performed on HUH6 cells in the future. On the 
other hand, it is not known which factors upstream regulate the expression of GATA4. 
Recently, microRNA-based therapy targeting the Wnt/β-catenin pathway has been 
proposed for HB treatment (232). Efforts to downregulate GATA4 or disturb its 
function in vivo, would be helpful for the management of this childhood malignancy. 
Of interest, this has previously been successfully done with another GATA factor, 
GATA2, in an in vitro model for prostate cancer (233). In addition to the cell line 
studies, more sophisticated and reliable models with an in vivo tumor 
microenvironment, are required to assess the role of GATA4 in HBs. Comparison of 
patients’ clinical outcome to GATA4 levels in HB tumors in a larger international 
study group may eventually enable the use of this factor as a prognostic marker in 
practice. 
 
 

3) GATA6 is overexpressed in BA and potentially drives the ductal metaplasia 
of hepatocytes 

GATA6, normally expressed in bile duct epithelium, is overexpressed in the 
hepatocytes of BA livers. This expression is significantly reduced after a successful 
alleviation of the cholestasis with PE operation. GATA6 correlates with pathological 
expansion of the bile ductules, patient age at PE, and liver injury marker ALT. In 
primary hepatocytes, GATA6 enhances the expression of genes involved in 
cholangiocyte differentiation and BA pathogenesis. Furthermore, GATA6 expression 
correlates to and colocalizes with these genes in BA livers. 
 
Future aspects: Co-culture experiments with cholangiocytes are required to explore 
the effect of intercellular signaling in GATA6 driven hepatocyte ductal metalplasia. 
Furthermore, a mouse model of BA combined with inducible hepatocyte-specific 
GATA6 knockout would shed light onto the role of GATA6 in development of DR and 
fibrosis. The final step would be unraveling the factors regulating GATA6 itself in BA 
(components of bile, cytokines and other signals of inflammation or cellular stress, 
transcription factors, growth factors etc.), thus enabling modifying these factors also 
in vivo to reduce the pathological processes in BA livers. 



ACKNOWLEDGEMENTS 

 

 62 

 
 

ACKNOWLEDGEMENTS 

The presented study was carried out in the Pediatric Research Center of Children’s 
Hospital, Biomedicum Helsinki, University of Helsinki, Finland. I wish to 
acknowledge those who provided me with excellent research facilities: Docent Jari 
Petäjä, Director of the Children’s Hospital, and Doctor Anne Wikström, Head of 
General Pediatrics, Helsinki University Hospital; Professor Markku Heikinheimo, 
former head of the Institute of Clinical Medicine; and the past and present chairmen 
of the Children’s Hospital, University of Helsinki: Professor Mikael Knip, Professor 
Helena Pihko Professor Harri Saxén, and Professor Markku Heikinheimo. 
 
I wish to thank the directors of the Doctoral Programme in Clinical Research, 
Professor Antti Mäkitie and Professor Taneli Raivio. I also thank the past and present 
heads of the Pediatric graduate school, Professor Markku Heikinheimo, Docent Jussi 
Merenmies, Docent Turkka Kirjavainen, and Professor Kim Vettenranta. These 
graduate schools provided me with excellent education and financial support.  
 
Other funding sources of this study were Academy of Finland, Emil Aaltonen 
Foundation, the Finnish Cancer Foundation, the Finnish Pediatric Research 
Foundation, the Finnish Medical Foundation, Helsinki University Hospital Research 
Fund, Helsinki University Research Fund, Ida Montin Foundation, the Sigrid Juseliús 
Foundation, and Väre Foundation for Pediatric Cancer Research. 
 
I thank the official reviewers, Docent Olli Lohi and Docent Matti Korhonen for their 
expertise and valuable comments on this thesis. The members of my thesis committee, 
Professor Timo Otonkoski and Docent Jussi Merenmies are thanked for their 
encouraging and constructive comments and advice during this project. 
 
My deepest gratitude and respect is owed to my supervisor, Professor Markku 
Heikinheimo. Markku, you have been the best boss, mentor, and role model. I admire 
your wide expertise and know-how in both clinical patient care and scientific research; 
and on the other hand, your skill of enjoying life. You taught me that science should 
be taken seriously without being serious. Thank you for being there whenever I needed 
your help. I am forever grateful for everything. 
 
I am most thankful to Professor David B. Wilson at Washington University in St. Louis 
for the fruitful collaboration during this thesis work. Dave, I have truly enjoyed our 
research visits and scientific conversations. Your profound knowledge and enthusiasm 
towards science has been a great inspiration to me.  
 
This thesis work was made possible by the numerous outstanding collaborators and 
co-authors. I am deeply grateful to Professor Mikko Pakarinen for his valuable 
expertise and help in this project. Professor Leif Andersson, Professor Stacey S. 
Huppert, Professor David A. Rudnick, Docent Matti Salo, Docent Jouko Lohi, Doctors 



ACKNOWLEDGEMENTS 

 

 63 

Marjut Pihlajoki, Antti Kyrönlahti, Noora Andersson, Hanna Haveri, Jenni Lehtonen, 
Katja Eloranta, Oyediran Akinrinade, and Kari A. Huppert are thanked for their 
essential contribution to these studies. Rebecca Cochran, Taru Jokinen, and Tuike 
Helmiö are thanked for excellent technical assistance. 
 
I have been privileged to work with such skilled and motivated colleagues. This 
wonderful group of people has a special place in my heart. A warm thank you to past 
and present members of our “FOGs” research group: Noora Andersson, Mikko 
Anttonen, Saara Bryk, Katja Eloranta, Anniina Färkkilä, Ulla-Maija Haltia, Hanna 
Haveri, Taru Jokinen, Shravya Kadali, Ilkka Ketola, Sanne Kiiveri, Emmi Liljeström, 
Antti Kyrönlahti, Susanna Mannisto, Helka Parviainen, Marjut Pihlajoki, Jonna 
Salonen, Anja Schrade, and Leila Unkila-Kallio. A special thanks to Marjut for your 
invaluable contribution and peer support during this project, and most importantly - 
your friendship. Marjut is also acknowledged for helping in creating the figures of this 
book. Thank you, Antti, for all the help and tutoring during this thesis project. Noora, 
I am so grateful for all the knowledge you patiently shared about the laboratory 
methods. Katja, it has been a pleasure working with you and our mutual favorite cell 
line. I wish to thank all the co-workers in the Pediatric Research Center: Oyediran 
Akinrinade, Mikko Helenius, Tuike Helmiö, Otto Helve, Maria Hukkinen, Cecilia 
Janér, Anu Kaskinen, Sari Linden, Jenni Miettinen, Maija Suvanto, and Sanna 
Vattulainen-Collanus. These people made me feel like home and always offered a 
helping hand when it was needed.  
 
I am lucky to be surrounded by such amazing people also in my personal life. I wish 
to thank all my dear friends for listening, keeping up the good spirit, and making my 
days so much more fun. You always make me laugh and forget about work when it is 
needed. Thank you: Anna, Jenni, Vera, Julia, and Ilona among many other dear friends 
from med school for providing me with peer support in medical studies, family 
matters, and in starting the working life as a clinician. Sini, Kakku, Suski, Sinttu, Silja, 
and Heli; my gang of girls from way back; I am so thankful for our unique friendship 
that never changes or gets old, even when we do.   
 
A warm thank you to Kirsti, our “super nanny”, for being there and helping in every-
day life of our family. You are a lifesaver. 
 
I am so grateful to the Soini family for their support and help during this project. My 
mother-in-law Kristiina, and Anna, Ville, Jukka, and Sanna; thank you for your 
friendship and support, your never-ending interest in my various ongoing projects, and 
all our precious moments together.  
 
I owe my deepest gratitude to my dear parents Maaria and Kari for always believing 
in me and encouraging me to try my wings. Thank you for supporting me in everything 
I do and for making me who I am. Special thanks to my mother for the valuable 
discussions about laboratory work, science, and life in general. I want to thank my 
dear siblings Satu and Markus and their spouses Arto and Jasmin for true friendship 
and for always being there for me. I am deeply grateful to my grandparents; Raija, 
Markus, Maire, and Yrjö; you have taught me many wisdoms about life and inspired 
me in so many ways. You all mean the world to me. 
 



ACKNOWLEDGEMENTS 

 

 64 

Finally, I want to thank my beloved Antti for care and encouragement during this 
exquisite but in places, rocky journey and for being the best husband and father. You 
are my love, my closest friend, and my cornerstone. Our sons Eetu and Lenni, I am 
every day grateful for having you and reminded of the truly important things in life. 
You bring me so much joy and inspiration. I love you boys more than anything. 
 
 
Helsinki, June 2018 
 
Tea Soini 



REFERENCES 

 65 

REFERENCES 

1. Zaret KS. Hepatocyte differentiation: from the endoderm and beyond. 
Curr Opin Genet Dev. 2001;11(5):568-74. 

2. Jung J, Zheng M, Goldfarb M, Zaret KS. Initiation of mammalian liver 
development from endoderm by fibroblast growth factors. Science. 
1999;284(5422):1998-2003. 

3. Rossi JM, Dunn NR, Hogan BL, Zaret KS. Distinct mesodermal 
signals, including BMPs from the septum transversum mesenchyme, are required in 
combination for hepatogenesis from the endoderm. Genes & development. 
2001;15(15):1998-2009. 

4. Zhao R, Duncan SA. Embryonic development of the liver. Hepatology. 
2005;41(5):956-67. 

5. Zhao R, Watt AJ, Li J, Luebke-Wheeler J, Morrisey EE, Duncan SA. 
GATA6 is essential for embryonic development of the liver but dispensable for early 
heart formation. Mol Cell Biol. 2005;25(7):2622-31. 

6. Lemaigre F, Zaret KS. Liver development update: new embryo models, 
cell lineage control, and morphogenesis. Current opinion in genetics & development. 
2004;14(5):582-90. 

7. Si-Tayeb K, Lemaigre FP, Duncan SA. Organogenesis and 
development of the liver. Dev Cell. 2010;18(2):175-89. 

8. Miyajima A, Tanaka M, Itoh T. Stem/progenitor cells in liver 
development, homeostasis, regeneration, and reprogramming. Cell Stem Cell. 
2014;14(5):561-74. 

9. Skandalakis JE, Skandalakis LJ, Skandalakis PN, Mirilas P. Hepatic 
surgical anatomy. Surg Clin North Am. 2004;84(2):413-35, viii. 

10. Frierson HF, Jr. The gross anatomy and histology of the gallbladder, 
extrahepatic bile ducts, Vaterian system, and minor papilla. Am J Surg Pathol. 
1989;13(2):146-62. 

11. Corless JK, Middleton HM, 3rd. Normal liver function. A basis for 
understanding hepatic disease. Arch Intern Med. 1983;143(12):2291-4. 

12. Baron MH, Isern J, Fraser ST. The embryonic origins of erythropoiesis 
in mammals. Blood. 2012;119(21):4828-37. 

13. Tsung AaGD. Molecular Pathology of Liver Diseases: Springer 
Nature; 2011. 

14. Wang X, Foster M, Al-Dhalimy M, Lagasse E, Finegold M, Grompe 
M. The origin and liver repopulating capacity of murine oval cells. Proc Natl Acad 
Sci U S A. 2003;100 Suppl 1:11881-8. 

15. Boyer JL. Bile formation and secretion. Compr Physiol. 
2013;3(3):1035-78. 

16. Kanno N, LeSage G, Glaser S, Alvaro D, Alpini G. Functional 
heterogeneity of the intrahepatic biliary epithelium. Hepatology. 2000;31(3):555-61. 

17. Tabibian JH, Masyuk AI, Masyuk TV, O'Hara SP, LaRusso NF. 
Physiology of cholangiocytes. Compr Physiol. 2013;3(1):541-65. 

18. Poisson J, Lemoinne S, Boulanger C, Durand F, Moreau R, Valla D, et 
al. Liver sinusoidal endothelial cells: Physiology and role in liver diseases. J 
Hepatol. 2017;66(1):212-27. 

19. Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell 
activation. Nat Rev Gastroenterol Hepatol. 2017;14(7):397-411. 

20. Roskams T, Katoonizadeh A, Komuta M. Hepatic progenitor cells: an 
update. Clin Liver Dis. 2010;14(4):705-18. 



REFERENCES 

 66 

21. Dixon LJ, Barnes M, Tang H, Pritchard MT, Nagy LE. Kupffer cells in 
the liver. Compr Physiol. 2013;3(2):785-97. 

22. Hernandez-Gea V, Friedman SL. Pathogenesis of liver fibrosis. Annu 
Rev Pathol. 2011;6:425-56. 

23. Malhi H, Gores GJ. Cellular and molecular mechanisms of liver injury. 
Gastroenterology. 2008;134(6):1641-54. 

24. D'Agata ID, Balistreri WF. Evaluation of liver disease in the pediatric 
patient. Pediatr Rev. 1999;20(11):376-90; quiz 89-90. 

25. de Fine Licht S, Schmidt LS, Rod NH, Schmiegelow K, Lahteenmaki 
PM, Kogner P, et al. Hepatoblastoma in the Nordic countries. International journal 
of cancer Journal international du cancer. 2012;131(4):E555-61. 

26. Litten JB, Tomlinson GE. Liver tumors in children. Oncologist. 
2008;13(7):812-20. 

27. Tomlinson GE, Kappler R. Genetics and epigenetics of 
hepatoblastoma. Pediatric blood & cancer. 2012;59(5):785-92. 

28. DeBaun MR, Tucker MA. Risk of cancer during the first four years of 
life in children from The Beckwith-Wiedemann Syndrome Registry. J Pediatr. 
1998;132(3 Pt 1):398-400. 

29. Kato M, Takita J, Takahashi K, Mimaki M, Chen Y, Koh K, et al. 
Hepatoblastoma in a patient with sotos syndrome. J Pediatr. 2009;155(6):937-9. 

30. Li FP, Thurber WA, Seddon J, Holmes GE. Hepatoblastoma in 
families with polyposis coli. JAMA. 1987;257(18):2475-7. 

31. Heck JE, Meyers TJ, Lombardi C, Park AS, Cockburn M, Reynolds P, 
et al. Case-control study of birth characteristics and the risk of hepatoblastoma. 
Cancer epidemiology. 2013;37(4):390-5. 

32. McLaughlin CC, Baptiste MS, Schymura MJ, Nasca PC, Zdeb MS. 
Maternal and infant birth characteristics and hepatoblastoma. American journal of 
epidemiology. 2006;163(9):818-28. 

33. Spector LG, Johnson KJ, Soler JT, Puumala SE. Perinatal risk factors 
for hepatoblastoma. British journal of cancer. 2008;98(9):1570-3. 

34. Narod SA, Hawkins MM, Robertson CM, Stiller CA. Congenital 
anomalies and childhood cancer in Great Britain. Am J Hum Genet. 1997;60(3):474-
85. 

35. Spector LG, Puumala SE, Carozza SE, Chow EJ, Fox EE, Horel S, et 
al. Cancer risk among children with very low birth weights. Pediatrics. 
2009;124(1):96-104. 

36. Ansell P, Mitchell CD, Roman E, Simpson J, Birch JM, Eden TO. 
Relationships between perinatal and maternal characteristics and hepatoblastoma: a 
report from the UKCCS. European journal of cancer. 2005;41(5):741-8. 

37. Weinberg AG, Finegold MJ. Primary hepatic tumors of childhood. 
Hum Pathol. 1983;14(6):512-37. 

38. Zimmermann A. The emerging family of hepatoblastoma tumours: 
from ontogenesis to oncogenesis. Eur J Cancer. 2005;41(11):1503-14. 

39. Qiao GL, Chen Z, Wang C, Ge J, Zhang Z, Li L, et al. Pure fetal 
histology subtype was associated with better prognosis of children with 
hepatoblastoma: A Chinese population-based study. J Gastroenterol Hepatol. 
2016;31(3):621-7. 

40. Malogolowkin MH, Katzenstein HM, Meyers RL, Krailo MD, 
Rowland JM, Haas J, et al. Complete surgical resection is curative for children with 
hepatoblastoma with pure fetal histology: a report from the Children's Oncology 
Group. J Clin Oncol. 2011;29(24):3301-6. 

41. Haas JE, Feusner JH, Finegold MJ. Small cell undifferentiated 
histology in hepatoblastoma may be unfavorable. Cancer. 2001;92(12):3130-4. 

42. Yun WJ, Shin E, Lee K, Jung HY, Kim SH, Park YN, et al. 
Clinicopathologic implication of hepatic progenitor cell marker expression in 
hepatoblastoma. Pathol Res Pract. 2013;209(9):568-73. 



REFERENCES 

 67 

43. Hooks KB, Audoux J, Fazli H, Lesjean S, Ernault T, Senant ND, et al. 
New insights into diagnosis and therapeutic options for proliferative hepatoblastoma. 
Hepatology. 2017. 

44. Eichenmuller M, Trippel F, Kreuder M, Beck A, Schwarzmayr T, 
Haberle B, et al. The genomic landscape of hepatoblastoma and their progenies with 
HCC-like features. J Hepatol. 2014;61(6):1312-20. 

45. Udatsu Y, Kusafuka T, Kuroda S, Miao J, Okada A. High frequency of 
beta-catenin mutations in hepatoblastoma. Pediatr Surg Int. 2001;17(7):508-12. 

46. Blaker H, Hofmann WJ, Rieker RJ, Penzel R, Graf M, Otto HF. Beta-
catenin accumulation and mutation of the CTNNB1 gene in hepatoblastoma. Genes 
Chromosomes Cancer. 1999;25(4):399-402. 

47. Curia MC, Zuckermann M, De Lellis L, Catalano T, Lattanzio R, 
Aceto G, et al. Sporadic childhood hepatoblastomas show activation of beta-catenin, 
mismatch repair defects and p53 mutations. Mod Pathol. 2008;21(1):7-14. 

48. Shang XZ, Zhu H, Lin K, Tu Z, Chen J, Nelson DR, et al. Stabilized 
beta-catenin promotes hepatocyte proliferation and inhibits TNFalpha-induced 
apoptosis. Lab Invest. 2004;84(3):332-41. 

49. Cairo S, Armengol C, Buendia MA. Activation of Wnt and Myc 
signaling in hepatoblastoma. Front Biosci (Elite Ed). 2012;4:480-6. 

50. Cairo S, Armengol C, De Reynies A, Wei Y, Thomas E, Renard CA, et 
al. Hepatic stem-like phenotype and interplay of Wnt/beta-catenin and Myc signaling 
in aggressive childhood liver cancer. Cancer Cell. 2008;14(6):471-84. 

51. Buendia MA. Unravelling the genetics of hepatoblastoma: few 
mutations, what else? J Hepatol. 2014;61(6):1202-4. 

52. Yamada S, Ohira M, Horie H, Ando K, Takayasu H, Suzuki Y, et al. 
Expression profiling and differential screening between hepatoblastomas and the 
corresponding normal livers: identification of high expression of the PLK1 oncogene 
as a poor-prognostic indicator of hepatoblastomas. Oncogene. 2004;23(35):5901-11. 

53. Nagai H, Naka T, Terada Y, Komazaki T, Yabe A, Jin E, et al. 
Hypermethylation associated with inactivation of the SOCS-1 gene, a JAK/STAT 
inhibitor, in human hepatoblastomas. J Hum Genet. 2003;48(2):65-9. 

54. Adesina AM, Lopez-Terrada D, Wong KK, Gunaratne P, Nguyen Y, 
Pulliam J, et al. Gene expression profiling reveals signatures characterizing 
histologic subtypes of hepatoblastoma and global deregulation in cell growth and 
survival pathways. Hum Pathol. 2009;40(6):843-53. 

55. Lieber J, Kirchner B, Eicher C, Warmann SW, Seitz G, Fuchs J, et al. 
Inhibition of Bcl-2 and Bcl-X enhances chemotherapy sensitivity in hepatoblastoma 
cells. Pediatr Blood Cancer. 2010;55(6):1089-95. 

56. Tomlinson GE, Douglass EC, Pollock BH, Finegold MJ, Schneider 
NR. Cytogenetic evaluation of a large series of hepatoblastomas: numerical 
abnormalities with recurring aberrations involving 1q12-q21. Genes Chromosomes 
Cancer. 2005;44(2):177-84. 

57. De Ioris M, Brugieres L, Zimmermann A, Keeling J, Brock P, Maibach 
R, et al. Hepatoblastoma with a low serum alpha-fetoprotein level at diagnosis: the 
SIOPEL group experience. European journal of cancer. 2008;44(4):545-50. 

58. Hiyama E. Pediatric hepatoblastoma: diagnosis and treatment. Transl 
Pediatr. 2014;3(4):293-9. 

59. Czauderna P. Hepatoblastoma throughout SIOPEL trials - clinical 
lessons learnt. Front Biosci (Elite Ed). 2012;4:470-9. 

60. Maibach R, Roebuck D, Brugieres L, Capra M, Brock P, Dall'Igna P, et 
al. Prognostic stratification for children with hepatoblastoma: the SIOPEL 
experience. European journal of cancer. 2012;48(10):1543-9. 

61. Haas JE, Muczynski KA, Krailo M, Ablin A, Land V, Vietti TJ, et al. 
Histopathology and prognosis in childhood hepatoblastoma and hepatocarcinoma. 
Cancer. 1989;64(5):1082-95. 



REFERENCES 

 68 

62. Seo T, Ando H, Watanabe Y, Harada T, Ito F, Kaneko K, et al. 
Treatment of hepatoblastoma: less extensive hepatectomy after effective 
preoperative chemotherapy with cisplatin and adriamycin. Surgery. 
1998;123(4):407-14. 

63. Perilongo G, Maibach R, Shafford E, Brugieres L, Brock P, Morland 
B, et al. Cisplatin versus cisplatin plus doxorubicin for standard-risk hepatoblastoma. 
N Engl J Med. 2009;361(17):1662-70. 

64. Zsiros J, Maibach R, Shafford E, Brugieres L, Brock P, Czauderna P, 
et al. Successful treatment of childhood high-risk hepatoblastoma with dose-
intensive multiagent chemotherapy and surgery: final results of the SIOPEL-3HR 
study. Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology. 2010;28(15):2584-90. 

65. Aronson DC, Czauderna P, Maibach R, Perilongo G, Morland B. The 
treatment of hepatoblastoma: Its evolution and the current status as per the SIOPEL 
trials. J Indian Assoc Pediatr Surg. 2014;19(4):201-7. 

66. Chiu CY, Chen PH, Chan CF, Chang MH, Wu TC, Taiwan Infant 
Stool Color Card Study G. Biliary atresia in preterm infants in Taiwan: a nationwide 
survey. J Pediatr. 2013;163(1):100-3 e1. 

67. Sanchez-Valle A, Kassira N, Varela VC, Radu SC, Paidas C, Kirby 
RS. Biliary Atresia: Epidemiology, Genetics, Clinical Update, and Public Health 
Perspective. Adv Pediatr. 2017;64(1):285-305. 

68. Hukkinen M, Kerola A, Lohi J, Heikkila P, Merras-Salmio L, 
Jahnukainen T, et al. Treatment Policy and Liver Histopathology Predict Biliary 
Atresia Outcomes: Results after National Centralization and Protocol Biopsies. J Am 
Coll Surg. 2017. 

69. Davenport M, Tizzard SA, Underhill J, Mieli-Vergani G, Portmann B, 
Hadzic N. The biliary atresia splenic malformation syndrome: a 28-year single-
center retrospective study. J Pediatr. 2006;149(3):393-400. 

70. Gupta L, Bhatnagar V. A study of associated congenital anomalies 
with biliary atresia. J Indian Assoc Pediatr Surg. 2016;21(1):10-3. 

71. Hartley JL, Davenport M, Kelly DA. Biliary atresia. Lancet. 
2009;374(9702):1704-13. 

72. Schwarz KB, Haber BH, Rosenthal P, Mack CL, Moore J, Bove K, et 
al. Extrahepatic anomalies in infants with biliary atresia: results of a large 
prospective North American multicenter study. Hepatology. 2013;58(5):1724-31. 

73. Bezerra JA. Biliary Atresia. In: P.S. M, editor. Molecular Pathology of 
Liver Diseases: Springer; 2011. 

74. Ohi R. Biliary atresia. A surgical perspective. Clin Liver Dis. 
2000;4(4):779-804. 

75. Zong Y, Panikkar A, Xu J, Antoniou A, Raynaud P, Lemaigre F, et al. 
Notch signaling controls liver development by regulating biliary differentiation. 
Development. 2009;136(10):1727-39. 

76. Kohsaka T, Yuan ZR, Guo SX, Tagawa M, Nakamura A, Nakano M, 
et al. The significance of human jagged 1 mutations detected in severe cases of 
extrahepatic biliary atresia. Hepatology. 2002;36(4 Pt 1):904-12. 

77. Flynn DM, Nijjar S, Hubscher SG, de Goyet Jde V, Kelly DA, Strain 
AJ, et al. The role of Notch receptor expression in bile duct development and 
disease. J Pathol. 2004;204(1):55-64. 

78. Fabris L, Cadamuro M, Guido M, Spirli C, Fiorotto R, Colledan M, et 
al. Analysis of liver repair mechanisms in Alagille syndrome and biliary atresia 
reveals a role for notch signaling. Am J Pathol. 2007;171(2):641-53. 

79. Coffinier C, Gresh L, Fiette L, Tronche F, Schutz G, Babinet C, et al. 
Bile system morphogenesis defects and liver dysfunction upon targeted deletion of 
HNF1beta. Development. 2002;129(8):1829-38. 



REFERENCES 

 69 

80. Raynaud P, Carpentier R, Antoniou A, Lemaigre FP. Biliary 
differentiation and bile duct morphogenesis in development and disease. Int J 
Biochem Cell Biol. 2011;43(2):245-56. 

81. Clotman F, Lannoy VJ, Reber M, Cereghini S, Cassiman D, Jacquemin 
P, et al. The onecut transcription factor HNF6 is required for normal development of 
the biliary tract. Development. 2002;129(8):1819-28. 

82. Omenetti A, Bass LM, Anders RA, Clemente MG, Francis H, Guy CD, 
et al. Hedgehog activity, epithelial-mesenchymal transitions, and biliary 
dysmorphogenesis in biliary atresia. Hepatology. 2011;53(4):1246-58. 

83. Cui S, Leyva-Vega M, Tsai EA, EauClaire SF, Glessner JT, 
Hakonarson H, et al. Evidence from human and zebrafish that GPC1 is a biliary 
atresia susceptibility gene. Gastroenterology. 2013;144(5):1107-15 e3. 

84. Mazziotti MV, Willis LK, Heuckeroth RO, LaRegina MC, Swanson 
PE, Overbeek PA, et al. Anomalous development of the hepatobiliary system in the 
Inv mouse. Hepatology. 1999;30(2):372-8. 

85. Davit-Spraul A, Baussan C, Hermeziu B, Bernard O, Jacquemin E. 
CFC1 gene involvement in biliary atresia with polysplenia syndrome. J Pediatr 
Gastroenterol Nutr. 2008;46(1):111-2. 

86. Fabris L, Strazzabosco M. Epithelial-mesenchymal interactions in 
biliary diseases. Semin Liver Dis. 2011;31(1):11-32. 

87. Michalopoulos GK, Barua L, Bowen WC. Transdifferentiation of rat 
hepatocytes into biliary cells after bile duct ligation and toxic biliary injury. 
Hepatology. 2005;41(3):535-44. 

88. Nishikawa Y, Doi Y, Watanabe H, Tokairin T, Omori Y, Su M, et al. 
Transdifferentiation of mature rat hepatocytes into bile duct-like cells in vitro. Am J 
Pathol. 2005;166(4):1077-88. 

89. Tarlow BD, Pelz C, Naugler WE, Wakefield L, Wilson EM, Finegold 
MJ, et al. Bipotential adult liver progenitors are derived from chronically injured 
mature hepatocytes. Cell Stem Cell. 2014;15(5):605-18. 

90. Roskams T. Progenitor cell involvement in cirrhotic human liver 
diseases: from controversy to consensus. J Hepatol. 2003;39(3):431-4. 

91. Fabris L, Brivio S, Cadamuro M, Strazzabosco M. Revisiting 
Epithelial-to-Mesenchymal Transition in Liver Fibrosis: Clues for a Better 
Understanding of the "Reactive" Biliary Epithelial Phenotype. Stem Cells Int. 
2016;2016:2953727. 

92. Zeisberg M, Yang C, Martino M, Duncan MB, Rieder F, Tanjore H, et 
al. Fibroblasts derive from hepatocytes in liver fibrosis via epithelial to 
mesenchymal transition. J Biol Chem. 2007;282(32):23337-47. 

93. Mederacke I, Hsu CC, Troeger JS, Huebener P, Mu X, Dapito DH, et 
al. Fate tracing reveals hepatic stellate cells as dominant contributors to liver fibrosis 
independent of its aetiology. Nat Commun. 2013;4:2823. 

94. Williams MJ, Clouston AD, Forbes SJ. Links between hepatic fibrosis, 
ductular reaction, and progenitor cell expansion. Gastroenterology. 2014;146(2):349-
56. 

95. Mavila N, James D, Shivakumar P, Nguyen MV, Utley S, Mak K, et al. 
Expansion of prominin-1-expressing cells in association with fibrosis of biliary 
atresia. Hepatology. 2014;60(3):941-53. 

96. Serinet MO, Wildhaber BE, Broue P, Lachaux A, Sarles J, Jacquemin 
E, et al. Impact of age at Kasai operation on its results in late childhood and 
adolescence: a rational basis for biliary atresia screening. Pediatrics. 
2009;123(5):1280-6. 

97. Davenport M, Parsons C, Tizzard S, Hadzic N. Steroids in biliary 
atresia: single surgeon, single centre, prospective study. J Hepatol. 2013;59(5):1054-
8. 

98. Meyers RL, Book LS, O'Gorman MA, Jackson WD, Black RE, 
Johnson DG, et al. High-dose steroids, ursodeoxycholic acid, and chronic 



REFERENCES 

 70 

intravenous antibiotics improve bile flow after Kasai procedure in infants with 
biliary atresia. J Pediatr Surg. 2003;38(3):406-11. 

99. Stringer MD, Davison SM, Rajwal SR, McClean P. Kasai 
portoenterostomy: 12-year experience with a novel adjuvant therapy regimen. J 
Pediatr Surg. 2007;42(8):1324-8. 

100. Superina R. Biliary atresia and liver transplantation: results and 
thoughts for primary liver transplantation in select patients. Pediatr Surg Int. 
2017;33(12):1297-304. 

101. Lykavieris P, Chardot C, Sokhn M, Gauthier F, Valayer J, Bernard O. 
Outcome in adulthood of biliary atresia: a study of 63 patients who survived for over 
20 years with their native liver. Hepatology. 2005;41(2):366-71. 

102. Asai A, Miethke A, Bezerra JA. Pathogenesis of biliary atresia: 
defining biology to understand clinical phenotypes. Nat Rev Gastroenterol Hepatol. 
2015;12(6):342-52. 

103. Pang SY, Dai YM, Zhang RZ, Chen YH, Peng XF, Fu J, et al. 
Autoimmune liver disease-related autoantibodies in patients with biliary atresia. 
World J Gastroenterol. 2018;24(3):387-96. 

104. Bessho K, Bezerra JA. Biliary atresia: will blocking inflammation tame 
the disease? Annu Rev Med. 2011;62:171-85. 

105. Chardot C, Carton M, Spire-Bendelac N, Le Pommelet C, Golmard JL, 
Auvert B. Prognosis of biliary atresia in the era of liver transplantation: French 
national study from 1986 to 1996. Hepatology. 1999;30(3):606-11. 

106. Hukkinen M, Kerola A, Lohi J, Heikkila P, Merras-Salmio L, 
Jahnukainen T, et al. Treatment Policy and Liver Histopathology Predict Biliary 
Atresia Outcomes: Results after National Centralization and Protocol Biopsies. J Am 
Coll Surg. 2018;226(1):46-57 e1. 

107. Viger RS, Guittot SM, Anttonen M, Wilson DB, Heikinheimo M. Role 
of the GATA family of transcription factors in endocrine development, function, and 
disease. Mol Endocrinol. 2008;22(4):781-98. 

108. Bresnick EH, Katsumura KR, Lee HY, Johnson KD, Perkins AS. 
Master regulatory GATA transcription factors: mechanistic principles and emerging 
links to hematologic malignancies. Nucleic Acids Res. 2012;40(13):5819-31. 

109. Merika M, Orkin SH. DNA-binding specificity of GATA family 
transcription factors. Mol Cell Biol. 1993;13(7):3999-4010. 

110. Trainor CD, Omichinski JG, Vandergon TL, Gronenborn AM, Clore 
GM, Felsenfeld G. A palindromic regulatory site within vertebrate GATA-1 
promoters requires both zinc fingers of the GATA-1 DNA-binding domain for high-
affinity interaction. Mol Cell Biol. 1996;16(5):2238-47. 

111. Lowry JA, Atchley WR. Molecular evolution of the GATA family of 
transcription factors: conservation within the DNA-binding domain. J Mol Evol. 
2000;50(2):103-15. 

112. Orkin SH. Embryonic stem cells and transgenic mice in the study of 
hematopoiesis. Int J Dev Biol. 1998;42(7):927-34. 

113. Molkentin JD. The zinc finger-containing transcription factors GATA-
4, -5, and -6. Ubiquitously expressed regulators of tissue-specific gene expression. J 
Biol Chem. 2000;275(50):38949-52. 

114. Lentjes MH, Niessen HE, Akiyama Y, de Bruine AP, Melotte V, van 
Engeland M. The emerging role of GATA transcription factors in development and 
disease. Expert Rev Mol Med. 2016;18:e3. 

115. Allen HL, Flanagan SE, Shaw-Smith C, De Franco E, Akerman I, 
Caswell R, et al. GATA6 haploinsufficiency causes pancreatic agenesis in humans. 
Nat Genet. 2011;44(1):20-2. 

116. Watt AJ, Zhao R, Li J, Duncan SA. Development of the mammalian 
liver and ventral pancreas is dependent on GATA4. BMC Dev Biol. 2007;7:37. 



REFERENCES 

 71 

117. Hitzler JK, Cheung J, Li Y, Scherer SW, Zipursky A. GATA1 
mutations in transient leukemia and acute megakaryoblastic leukemia of Down 
syndrome. Blood. 2003;101(11):4301-4. 

118. Pihlajoki M, Farkkila A, Soini T, Heikinheimo M, Wilson DB. GATA 
factors in endocrine neoplasia. Molecular and cellular endocrinology. 2016;421:2-
17. 

119. Ayanbule F, Belaguli NS, Berger DH. GATA factors in gastrointestinal 
malignancy. World J Surg. 2011;35(8):1757-65. 

120. Zheng R, Blobel GA. GATA Transcription Factors and Cancer. Genes 
Cancer. 2010;1(12):1178-88. 

121. Crispino JD, Horwitz MS. GATA factor mutations in hematologic 
disease. Blood. 2017;129(15):2103-10. 

122. Takaku M, Grimm SA, Wade PA. GATA3 in Breast Cancer: Tumor 
Suppressor or Oncogene? Gene Expr. 2015;16(4):163-8. 

123. Miller CT, Moy JR, Lin L, Schipper M, Normolle D, Brenner DE, et 
al. Gene amplification in esophageal adenocarcinomas and Barrett's with high-grade 
dysplasia. Clin Cancer Res. 2003;9(13):4819-25. 

124. Fu B, Luo M, Lakkur S, Lucito R, Iacobuzio-Donahue CA. Frequent 
genomic copy number gain and overexpression of GATA-6 in pancreatic carcinoma. 
Cancer Biol Ther. 2008;7(10):1593-601. 

125. Kwei KA, Bashyam MD, Kao J, Ratheesh R, Reddy EC, Kim YH, et 
al. Genomic profiling identifies GATA6 as a candidate oncogene amplified in 
pancreatobiliary cancer. PLoS Genet. 2008;4(5):e1000081. 

126. Belaguli NS, Aftab M, Rigi M, Zhang M, Albo D, Berger DH. GATA6 
promotes colon cancer cell invasion by regulating urokinase plasminogen activator 
gene expression. Neoplasia. 2010;12(11):856-65. 

127. Shen F, Li J, Cai W, Zhu G, Gu W, Jia L, et al. GATA6 predicts 
prognosis and hepatic metastasis of colorectal cancer. Oncol Rep. 2013;30(3):1355-
61. 

128. Afouda BA, Martin J, Liu F, Ciau-Uitz A, Patient R, Hoppler S. GATA 
transcription factors integrate Wnt signaling during heart development. 
Development. 2008;135(19):3185-90. 

129. Belaguli NS, Zhang M, Rigi M, Aftab M, Berger DH. Cooperation 
between GATA4 and TGF-beta signaling regulates intestinal epithelial gene 
expression. Am J Physiol Gastrointest Liver Physiol. 2007;292(6):G1520-33. 

130. Anttonen M, Parviainen H, Kyronlahti A, Bielinska M, Wilson DB, 
Ritvos O, et al. GATA-4 is a granulosa cell factor employed in inhibin-alpha 
activation by the TGF-beta pathway. J Mol Endocrinol. 2006;36(3):557-68. 

131. Kyronlahti A, Ramo M, Tamminen M, Unkila-Kallio L, Butzow R, 
Leminen A, et al. GATA-4 regulates Bcl-2 expression in ovarian granulosa cell 
tumors. Endocrinology. 2008;149(11):5635-42. 

132. Kyronlahti A, Kauppinen M, Lind E, Unkila-Kallio L, Butzow R, 
Klefstrom J, et al. GATA4 protects granulosa cell tumors from TRAIL-induced 
apoptosis. Endocr Relat Cancer. 2010;17(3):709-17. 

133. Anttonen M, Unkila-Kallio L, Leminen A, Butzow R, Heikinheimo M. 
High GATA-4 expression associates with aggressive behavior, whereas low anti-
Mullerian hormone expression associates with growth potential of ovarian granulosa 
cell tumors. J Clin Endocrinol Metab. 2005;90(12):6529-35. 

134. Fujikura J, Yamato E, Yonemura S, Hosoda K, Masui S, Nakao K, et 
al. Differentiation of embryonic stem cells is induced by GATA factors. Genes Dev. 
2002;16(7):784-9. 

135. Arceci RJ, King AA, Simon MC, Orkin SH, Wilson DB. Mouse 
GATA-4: a retinoic acid-inducible GATA-binding transcription factor expressed in 
endodermally derived tissues and heart. Mol Cell Biol. 1993;13(4):2235-46. 



REFERENCES 

 72 

136. Kuo CT, Morrisey EE, Anandappa R, Sigrist K, Lu MM, Parmacek 
MS, et al. GATA4 transcription factor is required for ventral morphogenesis and 
heart tube formation. Genes Dev. 1997;11(8):1048-60. 

137. Molkentin JD, Lin Q, Duncan SA, Olson EN. Requirement of the 
transcription factor GATA4 for heart tube formation and ventral morphogenesis. 
Genes & development. 1997;11(8):1061-72. 

138. Haveri H, Westerholm-Ormio M, Lindfors K, Maki M, Savilahti E, 
Andersson LC, et al. Transcription factors GATA-4 and GATA-6 in normal and 
neoplastic human gastrointestinal mucosa. BMC Gastroenterol. 2008;8:9. 

139. Ackerman KG, Wang J, Luo L, Fujiwara Y, Orkin SH, Beier DR. 
Gata4 is necessary for normal pulmonary lobar development. Am J Respir Cell Mol 
Biol. 2007;36(4):391-7. 

140. Heikinheimo M, Ermolaeva M, Bielinska M, Rahman NA, Narita N, 
Huhtaniemi IT, et al. Expression and hormonal regulation of transcription factors 
GATA-4 and GATA-6 in the mouse ovary. Endocrinology. 1997;138(8):3505-14. 

141. Ketola I, Rahman N, Toppari J, Bielinska M, Porter-Tinge SB, 
Tapanainen JS, et al. Expression and regulation of transcription factors GATA-4 and 
GATA-6 in developing mouse testis. Endocrinology. 1999;140(3):1470-80. 

142. Garg V, Kathiriya IS, Barnes R, Schluterman MK, King IN, Butler CA, 
et al. GATA4 mutations cause human congenital heart defects and reveal an 
interaction with TBX5. Nature. 2003;424(6947):443-7. 

143. Heineke J, Auger-Messier M, Xu J, Oka T, Sargent MA, York A, et al. 
Cardiomyocyte GATA4 functions as a stress-responsive regulator of angiogenesis in 
the murine heart. J Clin Invest. 2007;117(11):3198-210. 

144. Viger RS, Mertineit C, Trasler JM, Nemer M. Transcription factor 
GATA-4 is expressed in a sexually dimorphic pattern during mouse gonadal 
development and is a potent activator of the Mullerian inhibiting substance 
promoter. Development. 1998;125(14):2665-75. 

145. Tevosian SG, Albrecht KH, Crispino JD, Fujiwara Y, Eicher EM, 
Orkin SH. Gonadal differentiation, sex determination and normal Sry expression in 
mice require direct interaction between transcription partners GATA4 and FOG2. 
Development. 2002;129(19):4627-34. 

146. Svensson EC, Tufts RL, Polk CE, Leiden JM. Molecular cloning of 
FOG-2: a modulator of transcription factor GATA-4 in cardiomyocytes. Proc Natl 
Acad Sci U S A. 1999;96(3):956-61. 

147. Tevosian SG, Deconinck AE, Cantor AB, Rieff HI, Fujiwara Y, Corfas 
G, et al. FOG-2: A novel GATA-family cofactor related to multitype zinc-finger 
proteins Friend of GATA-1 and U-shaped. Proc Natl Acad Sci U S A. 
1999;96(3):950-5. 

148. Tevosian SG, Deconinck AE, Tanaka M, Schinke M, Litovsky SH, 
Izumo S, et al. FOG-2, a cofactor for GATA transcription factors, is essential for 
heart morphogenesis and development of coronary vessels from epicardium. Cell. 
2000;101(7):729-39. 

149. Suzuki E, Evans T, Lowry J, Truong L, Bell DW, Testa JR, et al. The 
human GATA-6 gene: structure, chromosomal location, and regulation of expression 
by tissue-specific and mitogen-responsive signals. Genomics. 1996;38(3):283-90. 

150. Morrisey EE, Ip HS, Lu MM, Parmacek MS. GATA-6: a zinc finger 
transcription factor that is expressed in multiple cell lineages derived from lateral 
mesoderm. Dev Biol. 1996;177(1):309-22. 

151. Yang H, Lu MM, Zhang L, Whitsett JA, Morrisey EE. GATA6 
regulates differentiation of distal lung epithelium. Development. 2002;129(9):2233-
46. 

152. Pihlajoki M, Gretzinger E, Cochran R, Kyronlahti A, Schrade A, Hiller 
T, et al. Conditional mutagenesis of Gata6 in SF1-positive cells causes gonadal-like 
differentiation in the adrenal cortex of mice. Endocrinology. 2013;154(5):1754-67. 



REFERENCES 

 73 

153. Morrisey EE, Tang Z, Sigrist K, Lu MM, Jiang F, Ip HS, et al. GATA6 
regulates HNF4 and is required for differentiation of visceral endoderm in the mouse 
embryo. Genes & development. 1998;12(22):3579-90. 

154. Duncan SA, Nagy A, Chan W. Murine gastrulation requires HNF-4 
regulated gene expression in the visceral endoderm: tetraploid rescue of Hnf-4(-/-) 
embryos. Development. 1997;124(2):279-87. 

155. Nemer G, Nemer M. Transcriptional activation of BMP-4 and 
regulation of mammalian organogenesis by GATA-4 and -6. Developmental biology. 
2003;254(1):131-48. 

156. Cirillo LA, Lin FR, Cuesta I, Friedman D, Jarnik M, Zaret KS. 
Opening of compacted chromatin by early developmental transcription factors HNF3 
(FoxA) and GATA-4. Mol Cell. 2002;9(2):279-89. 

157. Bossard P, Zaret KS. GATA transcription factors as potentiators of gut 
endoderm differentiation. Development. 1998;125(24):4909-17. 

158. Holtzinger A, Evans T. Gata4 regulates the formation of multiple 
organs. Development. 2005;132(17):4005-14. 

159. Dame C, Sola MC, Lim KC, Leach KM, Fandrey J, Ma Y, et al. 
Hepatic erythropoietin gene regulation by GATA-4. J Biol Chem. 2004;279(4):2955-
61. 

160. Divine JK, Staloch LJ, Haveri H, Jacobsen CM, Wilson DB, 
Heikinheimo M, et al. GATA-4, GATA-5, and GATA-6 activate the rat liver fatty 
acid binding protein gene in concert with HNF-1alpha. Am J Physiol Gastrointest 
Liver Physiol. 2004;287(5):G1086-99. 

161. Matsuda K, Kobune Y, Noda C, Ichihara A. Expression of GATA-
binding transcription factors in rat hepatocytes. FEBS Lett. 1994;353(3):269-72. 

162. Zheng R, Rebolledo-Jaramillo B, Zong Y, Wang L, Russo P, Hancock 
W, et al. Function of GATA factors in the adult mouse liver. PLoS One. 
2013;8(12):e83723. 

163. Campbell KM, Sabla GE, Bezerra JA. Transcriptional reprogramming 
in murine liver defines the physiologic consequences of biliary obstruction. J 
Hepatol. 2004;40(1):14-23. 

164. Walter TJ, Vanderpool C, Cast AE, Huppert SS. Intrahepatic bile duct 
regeneration in mice does not require Hnf6 or Notch signaling through Rbpj. Am J 
Pathol. 2014;184(5):1479-88. 

165. Vanderpool C, Sparks EE, Huppert KA, Gannon M, Means AL, 
Huppert SS. Genetic interactions between hepatocyte nuclear factor-6 and Notch 
signaling regulate mouse intrahepatic bile duct development in vivo. Hepatology. 
2012;55(1):233-43. 

166. Doi I. Establishment of a cell line and its clonal sublines from a patient 
with hepatoblastoma. Gan. 1976;67(1):1-10. 

167. Aden DP, Fogel A, Plotkin S, Damjanov I, Knowles BB. Controlled 
synthesis of HBsAg in a differentiated human liver carcinoma-derived cell line. 
Nature. 1979;282(5739):615-6. 

168. Lopez-Terrada D, Cheung SW, Finegold MJ, Knowles BB. Hep G2 is 
a hepatoblastoma-derived cell line. Hum Pathol. 2009;40(10):1512-5. 

169. Charron F, Tsimiklis G, Arcand M, Robitaille L, Liang Q, Molkentin 
JD, et al. Tissue-specific GATA factors are transcriptional effectors of the small 
GTPase RhoA. Genes & development. 2001;15(20):2702-19. 

170. Liang Q, De Windt LJ, Witt SA, Kimball TR, Markham BE, Molkentin 
JD. The transcription factors GATA4 and GATA6 regulate cardiomyocyte 
hypertrophy in vitro and in vivo. J Biol Chem. 2001;276(32):30245-53. 

171. Dunning MJ, Smith ML, Ritchie ME, Tavare S. beadarray: R classes 
and methods for Illumina bead-based data. Bioinformatics. 2007;23(16):2183-4. 

172. Smyth G. Bioinformatics and Computational Biology Solutions using 
R and Bioconductor. New York, USA: Springer; 2005. 



REFERENCES 

 74 

173. Eisen MB, Spellman PT, Brown PO, Botstein D. Cluster analysis and 
display of genome-wide expression patterns. Proc Natl Acad Sci U S A. 
1998;95(25):14863-8. 

174. Team RC. R: A language and environment for statistical computing. 
2013. 

175. Falcon S, Gentleman R. Using GOstats to test gene lists for GO term 
association. Bioinformatics. 2007;23(2):257-8. 

176. Enane FO, Shuen WH, Gu X, Quteba E, Przychodzen B, Makishima H, 
et al. GATA4 loss of function in liver cancer impedes precursor to hepatocyte 
transition. J Clin Invest. 2017;127(9):3527-42. 

177. Rikhi RR, Spady KK, Hoffman RI, Bateman MS, Bateman M, Howard 
LE. Hepatoblastoma: A Need for Cell Lines and Tissue Banks to Develop Targeted 
Drug Therapies. Front Pediatr. 2016;4:22. 

178. Kersten K, de Visser KE, van Miltenburg MH, Jonkers J. Genetically 
engineered mouse models in oncology research and cancer medicine. EMBO Mol 
Med. 2017;9(2):137-53. 

179. Bissig-Choisat B, Kettlun-Leyton C, Legras XD, Zorman B, Barzi M, 
Chen LL, et al. Novel patient-derived xenograft and cell line models for therapeutic 
testing of pediatric liver cancer. J Hepatol. 2016;65(2):325-33. 

180. Bell D, Ranganathan S, Tao J, Monga SP. Novel Advances in 
Understanding of Molecular Pathogenesis of Hepatoblastoma: A Wnt/beta-Catenin 
Perspective. Gene Expr. 2017;17(2):141-54. 

181. Czauderna P, Mackinlay G, Perilongo G, Brown J, Shafford E, 
Aronson D, et al. Hepatocellular carcinoma in children: results of the first 
prospective study of the International Society of Pediatric Oncology group. Journal 
of clinical oncology : official journal of the American Society of Clinical Oncology. 
2002;20(12):2798-804. 

182. Ashorn M, Pitkanen S, Salo MK, Heikinheimo M. Current strategies 
for the treatment of hereditary tyrosinemia type I. Paediatr Drugs. 2006;8(1):47-54. 

183. Lindblad B, Lindstedt S, Steen G. On the enzymic defects in hereditary 
tyrosinemia. Proc Natl Acad Sci U S A. 1977;74(10):4641-5. 

184. Doudna JA, Charpentier E. Genome editing. The new frontier of 
genome engineering with CRISPR-Cas9. Science. 2014;346(6213):1258096. 

185. Peterkin T, Gibson A, Patient R. Redundancy and evolution of GATA 
factor requirements in development of the myocardium. Developmental biology. 
2007;311(2):623-35. 

186. Lowe SW, Lin AW. Apoptosis in cancer. Carcinogenesis. 
2000;21(3):485-95. 

187. Jin Z, El-Deiry WS. Overview of cell death signaling pathways. Cancer 
Biol Ther. 2005;4(2):139-63. 

188. Czabotar PE, Lessene G, Strasser A, Adams JM. Control of apoptosis 
by the BCL-2 protein family: implications for physiology and therapy. Nat Rev Mol 
Cell Biol. 2014;15(1):49-63. 

189. Ola MS, Nawaz M, Ahsan H. Role of Bcl-2 family proteins and 
caspases in the regulation of apoptosis. Mol Cell Biochem. 2011;351(1-2):41-58. 

190. Grepin C, Nemer G, Nemer M. Enhanced cardiogenesis in embryonic 
stem cells overexpressing the GATA-4 transcription factor. Development. 
1997;124(12):2387-95. 

191. Han Q, Xu X, Li J, Wang J, Bai L, Wang A, et al. GATA4 is highly 
expressed in childhood acute lymphoblastic leukemia, promotes cell proliferation 
and inhibits apoptosis by activating BCL2 and MDM2. Mol Med Rep. 
2017;16(5):6290-8. 

192. Suzuki YJ, Nagase H, Wong CM, Kumar SV, Jain V, Park AM, et al. 
Regulation of Bcl-xL expression in lung vascular smooth muscle. Am J Respir Cell 
Mol Biol. 2007;36(6):678-87. 



REFERENCES 

 75 

193. Duprez L, Wirawan E, Vanden Berghe T, Vandenabeele P. Major cell 
death pathways at a glance. Microbes Infect. 2009;11(13):1050-62. 

194. Thorn CF, Oshiro C, Marsh S, Hernandez-Boussard T, McLeod H, 
Klein TE, et al. Doxorubicin pathways: pharmacodynamics and adverse effects. 
Pharmacogenet Genomics. 2011;21(7):440-6. 

195. Singal PK, Iliskovic N. Doxorubicin-induced cardiomyopathy. N Engl 
J Med. 1998;339(13):900-5. 

196. Koka S, Das A, Zhu SG, Durrant D, Xi L, Kukreja RC. Long-acting 
phosphodiesterase-5 inhibitor tadalafil attenuates doxorubicin-induced 
cardiomyopathy without interfering with chemotherapeutic effect. J Pharmacol Exp 
Ther. 2010;334(3):1023-30. 

197. Esaki M, Takemura G, Kosai K, Takahashi T, Miyata S, Li L, et al. 
Treatment with an adenoviral vector encoding hepatocyte growth factor mitigates 
established cardiac dysfunction in doxorubicin-induced cardiomyopathy. Am J 
Physiol Heart Circ Physiol. 2008;294(2):H1048-57. 

198. Kim Y, Ma AG, Kitta K, Fitch SN, Ikeda T, Ihara Y, et al. 
Anthracycline-induced suppression of GATA-4 transcription factor: implication in 
the regulation of cardiac myocyte apoptosis. Mol Pharmacol. 2003;63(2):368-77. 

199. Bien S, Riad A, Ritter CA, Gratz M, Olshausen F, Westermann D, et 
al. The endothelin receptor blocker bosentan inhibits doxorubicin-induced 
cardiomyopathy. Cancer research. 2007;67(21):10428-35. 

200. Suliman HB, Carraway MS, Ali AS, Reynolds CM, Welty-Wolf KE, 
Piantadosi CA. The CO/HO system reverses inhibition of mitochondrial biogenesis 
and prevents murine doxorubicin cardiomyopathy. J Clin Invest. 2007;117(12):3730-
41. 

201. Riad A, Bien S, Gratz M, Escher F, Westermann D, Heimesaat MM, et 
al. Toll-like receptor-4 deficiency attenuates doxorubicin-induced cardiomyopathy in 
mice. Eur J Heart Fail. 2008;10(3):233-43. 

202. Aries A, Paradis P, Lefebvre C, Schwartz RJ, Nemer M. Essential role 
of GATA-4 in cell survival and drug-induced cardiotoxicity. Proc Natl Acad Sci U S 
A. 2004;101(18):6975-80. 

203. Kobayashi S, Lackey T, Huang Y, Bisping E, Pu WT, Boxer LM, et al. 
Transcription factor gata4 regulates cardiac BCL2 gene expression in vitro and in 
vivo. FASEB J. 2006;20(6):800-2. 

204. Kobayashi S, Volden P, Timm D, Mao K, Xu X, Liang Q. 
Transcription factor GATA4 inhibits doxorubicin-induced autophagy and 
cardiomyocyte death. J Biol Chem. 2010;285(1):793-804. 

205. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et 
al. Gene ontology: tool for the unification of biology. The Gene Ontology 
Consortium. Nature genetics. 2000;25(1):25-9. 

206. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal 
transition. J Clin Invest. 2009;119(6):1420-8. 

207. Yilmaz M, Christofori G. EMT, the cytoskeleton, and cancer cell 
invasion. Cancer Metastasis Rev. 2009;28(1-2):15-33. 

208. Yoshida GJ. Emerging role of epithelial-mesenchymal transition in 
hepatic cancer. J Exp Clin Cancer Res. 2016;35(1):141. 

209. Campbell K, Whissell G, Franch-Marro X, Batlle E, Casanova J. 
Specific GATA factors act as conserved inducers of an endodermal-EMT. Dev Cell. 
2011;21(6):1051-61. 

210. Lazarevich NL, Cheremnova OA, Varga EV, Ovchinnikov DA, 
Kudrjavtseva EI, Morozova OV, et al. Progression of HCC in mice is associated 
with a downregulation in the expression of hepatocyte nuclear factors. Hepatology. 
2004;39(4):1038-47. 

211. Sumi K, Tanaka T, Uchida A, Magoori K, Urashima Y, Ohashi R, et 
al. Cooperative interaction between hepatocyte nuclear factor 4 alpha and GATA 



REFERENCES 

 76 

transcription factors regulates ATP-binding cassette sterol transporters ABCG5 and 
ABCG8. Mol Cell Biol. 2007;27(12):4248-60. 

212. Wheelock MJ, Shintani Y, Maeda M, Fukumoto Y, Johnson KR. 
Cadherin switching. J Cell Sci. 2008;121(Pt 6):727-35. 

213. Zhai B, Yan HX, Liu SQ, Chen L, Wu MC, Wang HY. Reduced 
expression of E-cadherin/catenin complex in hepatocellular carcinomas. World J 
Gastroenterol. 2008;14(37):5665-73. 

214. Bennett J, Baumgarten SC, Stocco C. GATA4 and GATA6 silencing in 
ovarian granulosa cells affects levels of mRNAs involved in steroidogenesis, 
extracellular structure organization, IGF-I activity, and apoptosis. Endocrinology. 
2013;154(12):4845-58. 

215. Pei Y, Yao Q, Yuan S, Xie B, Liu Y, Ye C, et al. GATA4 promotes 
hepatoblastoma cell proliferation by altering expression of miR125b and DKK3. 
Oncotarget. 2016;7(47):77890-901. 

216. Hellebrekers DM, Lentjes MH, van den Bosch SM, Melotte V, 
Wouters KA, Daenen KL, et al. GATA4 and GATA5 are potential tumor 
suppressors and biomarkers in colorectal cancer. Clin Cancer Res. 
2009;15(12):3990-7. 

217. Guo M, House MG, Akiyama Y, Qi Y, Capagna D, Harmon J, et al. 
Hypermethylation of the GATA gene family in esophageal cancer. International 
journal of cancer Journal international du cancer. 2006;119(9):2078-83. 

218. Guo M, Akiyama Y, House MG, Hooker CM, Heath E, Gabrielson E, 
et al. Hypermethylation of the GATA genes in lung cancer. Clin Cancer Res. 
2004;10(23):7917-24. 

219. Suda H, Yoshii D, Yamamura K, Yokouchi Y, Inomata Y. New insight 
into reactive ductular cells of biliary atresia provided by pathological assessment of 
SOX9. Pediatric surgery international. 2014;30(5):481-92. 

220. Santos JL, Kieling CO, Meurer L, Vieira S, Ferreira CT, Lorentz A, et 
al. The extent of biliary proliferation in liver biopsies from patients with biliary 
atresia at portoenterostomy is associated with the postoperative prognosis. J Pediatr 
Surg. 2009;44(4):695-701. 

221. Petersen C. Biliary atresia: the animal models. Semin Pediatr Surg. 
2012;21(3):185-91. 

222. Tag CG, Sauer-Lehnen S, Weiskirchen S, Borkham-Kamphorst E, 
Tolba RH, Tacke F, et al. Bile duct ligation in mice: induction of inflammatory liver 
injury and fibrosis by obstructive cholestasis. J Vis Exp. 2015(96). 

223. Riepenhoff-Talty M, Schaekel K, Clark HF, Mueller W, Uhnoo I, 
Rossi T, et al. Group A rotaviruses produce extrahepatic biliary obstruction in orally 
inoculated newborn mice. Pediatr Res. 1993;33(4 Pt 1):394-9. 

224. Pakarinen MP, Rintala RJ. Surgery of biliary atresia. Scand J Surg. 
2011;100(1):49-53. 

225. Kerola A, Lampela H, Lohi J, Heikkila P, Mutanen A, Jalanko H, et al. 
Molecular signature of active fibrogenesis prevails in biliary atresia after successful 
portoenterostomy. Surgery. 2017;162(3):548-56. 

226. Lango Allen H, Flanagan SE, Shaw-Smith C, De Franco E, Akerman I, 
Caswell R, et al. GATA6 haploinsufficiency causes pancreatic agenesis in humans. 
Nature genetics. 2012;44(1):20-2. 

227. De Franco E, Shaw-Smith C, Flanagan SE, Shepherd MH, 
International NDMC, Hattersley AT, et al. GATA6 mutations cause a broad 
phenotypic spectrum of diabetes from pancreatic agenesis to adult-onset diabetes 
without exocrine insufficiency. Diabetes. 2013;62(3):993-7. 

228. Spee B, Carpino G, Schotanus BA, Katoonizadeh A, Vander Borght S, 
Gaudio E, et al. Characterisation of the liver progenitor cell niche in liver diseases: 
potential involvement of Wnt and Notch signaling. Gut. 2010;59(2):247-57. 

229. Burke ZD, Tosh D. Ontogenesis of hepatic and pancreatic stem cells. 
Stem Cell Rev. 2012;8(2):586-96. 



REFERENCES 

 77 

230. Oda T, Elkahloun AG, Pike BL, Okajima K, Krantz ID, Genin A, et al. 
Mutations in the human Jagged1 gene are responsible for Alagille syndrome. Nature 
genetics. 1997;16(3):235-42. 

231. Walker EM, Thompson CA, Battle MA. GATA4 and GATA6 regulate 
intestinal epithelial cytodifferentiation during development. Developmental biology. 
2014;392(2):283-94. 

232. Indersie E, Lesjean S, Hooks KB, Sagliocco F, Ernault T, Cairo S, et 
al. MicroRNA therapy inhibits hepatoblastoma growth in vivo by targeting beta-
catenin and Wnt signaling. Hepatol Commun. 2017;1(2):168-83. 

233. He B, Lanz RB, Fiskus W, Geng C, Yi P, Hartig SM, et al. GATA2 
facilitates steroid receptor coactivator recruitment to the androgen receptor complex. 
Proc Natl Acad Sci U S A. 2014;111(51):18261-6. 
 




	ABSTRACT
	TABLE OF CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	REVIEW OF THE LITERATURE
	1 LIVER
	2 PEDIATRIC LIVER PATHOLOGY
	3 GATA TRANSCRIPTION FACTORS
	AIMS OF THE STUDY
	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	1 GATA4 IN HEPATOBLASTOMA PATHOGENESIS (I, II, III)
	2 GATA6 IN BILIARY ATRESIA PATHOGENESIS (IV)
	CONCLUSIONS AND FUTURE DIRECTIONS
	ACKNOWLEDGEMENTS
	REFERENCES



