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ABSTRACT 
The endodermal epithelium in the mammalian liver consists of hepatocytes and biliary epithelial cells. Both cell types originate from 
hepatoblasts, which may be hepatic stem cells in fetal stages. When hepatoblasts are located around the portal veins, they give rise to 
biliary epithelial cells under an inductive action by portal connective tissues. Nonperiportal hepatoblasts differentiate into mature hepa-
tocytes. Recent studies on naturally mutated or genetically engineered animals have highlighted several new aspects of the hepatoblast 
differentiation. Mosaic analysis using random inactivation of either paternal or maternal X-chromosome carrying a spfash mutation in the 
heterozygous females has demonstrated that hepatoblasts may be bipotential for their differentiation potency into hepatocytes and biliary 
epithelial cells. This idea is strongly supported by the observation that hepatoblasts in C/EBP�-knockout mouse livers abundantly develop 
pseudoglandular structures, which resemble precursor structures for intrahepatic bile ducts (pearl-like structures or ductal plates). The data 
have also shown that the suppression of C/EBP� expression in periportal hepatoblasts is a key for biliary cell differentiation, which leads 
to elevation of HNF6 and HNF1� expression. In this review article, molecular mechanisms for bile duct formation are discussed, 
including roles of the suppression of C/EBP� expression and Jagged1/Notch2 or activin/TGF� signaling. For hepatocyte maturation and 
growth, cell-cell interactions such as hepatoblast-stellate or endothelial cell interactions are also required. Our present understanding of 
their molecular mechanisms is summarized with cell lineages and roles of nonparenchymal cells in liver development. 
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INTRODUCTION 
 
The liver is the largest gland of the body, which has a large 
number of important functions. It synthesizes bile, which 
drains the gall bladder via intra- and extrahepatic bile ducts 
before being released into the duodenum. It is also an im-
portant site of metabolism of carbohydrates, proteins and 
fats. The liver synthesizes and secretes plasma proteins 
such as fibrinogen and prothrombin (essential blood-clot-
ting substances) into the blood. The functional and struc-
tural unit of the liver is known as “liver lobules”. Various 
kinds of cell-cell interactions among several cell types con-
stituting the liver, including hepatocytes, stellate cells, sinu-
soidal endothelial cells and Kupffer cells, play decisive 
roles in establishment of the liver lobule. Classical tissue 
recombination experiments and morphological analysis of 
liver development have indicated that successive interac-
tions of the hepatic endoderm or hepatoblasts with meso-
dermal tissues such as the hepatocardiac mesoderm, septum 

transversum mesenchyme, stellate cells and endothelial cells 
are essential for liver development (Houssaint 1980; Gualdi 
et al. 1996; Matsumoto et al. 2001). Periportal biliary cell 
differentiation from hepatoblasts can also be induced by 
connective tissue (Doljanski and Roulet 1934; Shiojiri 
1997). Although molecular mechanisms for liver develop-
ment or hepatic cell-cell interactions have been veiled for a 
long time, recent approaches using molecular biological 
techniques, including molecular marking of hepatic cells 
and gain-of-functions or loss-of-functions experiments both 
in vitro and in vivo, have revealed several new aspects of 
liver development (Kinoshita and Miyajima 2002; Lemaigre 
and Zaret 2004; Zhao and Duncan 2005). Intriguing animal 
models such as knockout or transgenic mice, which show 
impaired liver development, are also leading our study of 
liver developmental biology (Keng et al. 2000; Martinez et 
al. 2000; Sosa-Pineda et al. 2000; Lee et al. 2005; Zhao and 
Duncan 2005; Battle et al. 2006). New molecular reagents 
(monoclonal antibodies or cDNAs) are now dramatically in-
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creasing from molecular biological analysis such as serial 
analysis of gene expression (SAGE), signal sequence trap 
analysis and microarray DNA data (Tanimizu et al. 2003; 
Nonaka et al. 2004; Kojima et al. 2005). These can specif-
ically characterize liver development (Tanimizu and Miya-
jima 2004; Kojima et al. 2005). This review focuses on our 
understanding of cell lineages and histogenesis in liver de-
velopment, and of molecular mechanisms of cell-cell inter-
actions in hepatocyte maturation and biliary cell differenti-
ation, including intra- and extrahepatic bile duct and gall 
bladder development. 
 
CELL LINEAGES AND HISTOGENESIS OF LIVER 
DEVELOPMENT 

 
The endodermal epithelium in the mammalian liver consists 
of hepatocytes and intrahepatic biliary epithelial cells. Both 
cell types originate from the cranial part of the hepatic di-
verticulum at E9.5 in the mouse embryo (Fig. 1), from 
which hepatoblasts are extended as cell cords into the sub-
jacent mesenchyme (the septum transversum mesenchyme) 
or the blood vessels, including the omphalomesenteric 
veins and posterior cardinal veins (Shiojiri 1997; Shiojiri et 
al. 2006). The caudal part of the hepatic diverticulum gives 
rise to the epithelium of the gall bladder and the extrahe-
patic bile ducts (Fig. 1). Hepatoblasts, which may be hepa-
tic stem cells in fetal stages, are scattered among hemopoi-
etic cell islands culminating in the fetal mouse liver at mid-
gestational stages. 

Immunohistochemical analysis using monoclonal anti-
body against PECAM-1, which specifically reacts with en-
dothelial cells, has demonstrated that even the fetal liver, in 
which hemopoiesis culminates, is also well vascularized 
like adult liver (Matsumoto et al. 2001; Shiojiri and Sugi-
yama 2004). The primitive sinusoidal endothelial cells are 
already well developed in early stages of liver development, 
which are supported by stellate cells and extracellular ma-
trix components (Shiojiri and Sugiyama 2004). However, 
their origin has not been elucidated yet; the septum trans-
versum mesenchyme or the endothelium of the omphalo-
mesenteric veins and the posterior cardinal veins can give 
rise to endothelial cells of the primitive sinusoid structures 
(Fig. 2). Portal and hepatic veins may develop from the om-
phalomesenteric veins and posterior cardinal veins, respec-
tively (Fig. 2). The expression of the gap junctional protein, 
connexins, is different among the hepatic blood vessels; 

connexin37 and 40 are expressed only in the endothelial 
cells of the portal veins and hepatic arteries, but are never 
expressed in other blood vessels throughout liver develop-
ment (Shiojiri et al. 2006). Although the hepatic artery is al-
ways associated with a branch of the portal vein and also 
with a branch of the intrahepatic bile duct to form the portal 
triad in the adult liver, its development has not been ex-
amined in detail. The hepatic artery appears to be observed 
only around large portal veins in fetal mouse livers (Clot-
man et al. 2003). The injection experiments of fluorescent 
gelatin into the mouse fetus proper through umbilical veins 
demonstrated that the hepatic blood vessels (the portal veins, 
primitive sinusoidal structures and hepatic veins) are well 
connected with one another at early stages, including E11.5 
and E13.5 (Sugiyama et al. unpublished data). Functional 
maturation of sinusoidal endothelial cells, which express 
SE-1 antigen, starts in midgestational stages (Morita et al. 
1998). Although molecular markers for hepatic sinusoidal 
endothelial cells had been limited, their possible markers 
have recently been identified by SAGE, which consist of 
more than 20 genes (Nonaka et al. 2004). Their application 
in liver developmental studies may be very productive. 

The origin of stellate cells has been controversial, but 
recent cell marking analysis using a transgenic mouse line 
that express fluorescent protein in all neural crest cells and 
their derivatives has demonstrated that they do not descend 
from neural crest cells (Cassiman et al. 2006). The stellate 
cells may derive from the septum transversum mesenchyme 
or from the mesothelial liver capsule (Fig. 2). 

When hepatoblasts are located around the portal veins, 
they commence to construct pearl-like structures (ductal 
plates) expressing bile-duct-type cytokeratin and several 
lectin-binding sites in midgestational stages (from E13.5 on 
in the mouse fetus) (Fig. 1). They also have the basal lamina 
that is positive for laminin and nidogen while hepatoblasts 
giving rise to mature hepatocytes lack that structure. Our 
immunohistochemical study using antibodies against carba-
moylphosphate synthase I (CPSI) and ornithine transcarba-
mylase (OTC), both of which are urea cycle enzymes, has 
demonstrated that cells of pearl-like structures transiently 
express these enzymes but their expression is suppressed in 
this cell population within a few days (Shiojiri et al. 2001). 
This result suggests that the final default phenotype of hep-
atoblasts may be hepatocytes, and the periportal microenvi-
ronment may restrict the fate of hepatoblasts to biliary epi-
thelial cells. The pearl-like structures are excessively and 
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discontinuously formed around portal veins in the begin-
ning of their formation, but they gradually connect with one 
another and decrease in number (Shiojiri 1997). These pro-
cesses could be a stochastic event. Around E16.5, cuboidal 
or squamous biliary epithelial cells differentiate in the peri-
portal area. Nonperiportal hepatoblasts differentiate into 
mature hepatocytes. 

Hepatocyte maturation starts at E12.5-13.5, including 
the expression of bile canalicular enzymes, and progres-
sively proceeds. Although urea cycle enzyme expression, 
including CPSI, starts in hepatocytes around E15.5 with 
that of other liver-specific markers, it become negative in 
pericentral hepatocytes within 10 days after birth (Shiojiri 
et al. 1998). Glutamine synthase (GS) expression takes 
place in pericentral hepatocytes in a few days after birth. In 
2-3 weeks old liver, the liver lobule having the adult-type 
complementary expression of GS and CPSI is established 
(Fig. 1). 

The extrahepatic bile ducts (the cystic duct and com-
mon bile duct) and the gall bladder develop with the liver 
primordium formation, and their primordium is located cau-
dally to the latter at E9.5 as described (Fig. 1). Although the 
extrahepatic bile ducts develop independently of intrahepa-
tic bile ducts, the former connects with the latter via the 
hepatic ducts at midgestational stages, leading to the forma-
tion of a confluent bile drainage system. 
 
MOSAIC ANALYSIS OF MURINE LIVER 
DEVELOPMENT 
 
Because the spfash (sparse fur, abnormal skin and hair) mut-
ation is located on the X chromosome and causes OTC def-
iciency, hepatoblasts or hepatocytes in the heterozygous 
females (X/Xspfash) are mosaic in the expression of this en-
zyme due to the random inactivation of either X-chromo-
some at early stages of development (Shiojiri et al. 1997, 
2000, 2001). This mosaic animal may be useful for analysis 
of the cell lineages and growth pattern of hepatoblasts/hep-
atocytes in liver development. During fetal and postnatal 
liver development of the heterozygous females, com-
plicated mosaic patterns of OTC-positive and -negative 
hepatocytes are observed. Sizes of patches, which are ag-
gregates of OTC-positive or -negative hepatocytes, increase 
during development, suggesting that migration and mixing 
of hepatocytes appear to be more extensive at fetal stages 

than in the adult liver. Patches are slender and compara-
tively simple in fetal and neonatal livers (Fig. 3). Quantita-
tive analysis of patch shapes has demonstrated that undu-
lation of patches is maximal at 7 days after birth (Shiojiri et 
al. 2000). Patches with nodular shapes also start to increase 
in number at this stage. Isolated patches in sections of fetal 
livers and post-natal livers three-dimensionally connect with 
one another. However, especially in fetal livers, in which 
OTC-positive patches are minor due to the presence of 
abundant hemopoietic cells, isolated three-dimensional pat-
ches consisting of 5 to 70 cells are often observed. They are 
shaped like slender branching or zigzag-shaped cords, but 
no definite orientation such as portal-central is observed in 
them at any stage. These results suggest that hepatocytes 
contiguously but randomly allocate their daughter cells as 
zigzag-shaped or branching cords at younger stages (Fig. 3). 

Immunohistochemical analyses of intercellular junction 
proteins (E-cadherin, occludin, ZO-1, etc.) have shown that 
their expression and distribution change in hepatocytes du-
ring development, which may be correlated with the OTC 
mosaic pattern (Stamatoglou et al. 1992; Shiojiri et al. 
2000). Adult-type distribution of extracellular matrix com-
ponents in the liver starts to be established at postnatal sta-
ges (at 2-3 weeks after birth) (Shiojiri and Sugiyama 2004). 

Mosaic analysis for periportal hepatoblasts of the hete-
rozygous fetal livers has also suggested that hepatoblasts are 
bipotential for their differentiation into hepatocytes and bili-
ary epithelial cells (Shiojiri et al. 2001). There is no special 
orientation of OTC-positive or -negative patches for peri-
portal hepatoblasts such as ductal plates running along por-
tal veins. 
 
HEPATOCYTE MATURATION AND CELL-CELL 
INTERACTIONS 

 
Molecular mechanisms of the hepatic induction by the hepa-
tocardiac mesoderm and septum transversum mesenchyme 
have extensively been studied by using a primary culture 
system of the foregut endoderm and the gene inactivation 
technology, or their combinations (Zaret 2002; Lemaigre 
and Zaret 2004; Zhao and Duncan 2005). The extracellular 
inductive signals from the hepatocardiac mesoderm and sep-
tum transversum mesenchyme are mediated by FGF1, 2 and 
8, and BMPs, respectively (Gualdi et al. 1996; Rossi et al. 
2001). Although endothelial cells, which are closely ad-
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joining with the hepatic diverticulum, also play an impor-
tant role in hepatoblast growth and maturation from the he-
patic endoderm, the exact molecular players are still un-
known at present (Matsumoto et al. 2001). The transcrip-
tional factors expressed in the hepatic endoderm or young 
hepatoblasts include GATA4/6, Hex, Prox1, HNF3� (Fo-
xa1), HNF3� (Foxa2), HNF4�, HNF6 and C/EBP� (Zaret 
2002; Lee et al. 2005; Zhao and Duncan 2005). Most of 
their respective knockouts have impaired liver primordium 
development. Their link to the extracellular inductive li-
gands has been discussed elsewhere (Zaret 2002; Lemaigre 
and Zaret 2004; Zhao and Duncan 2005). Calmont et al. 
(2006) have recently revealed that hepatic gene induction is 
elicited by an FGF/MAPK pathway, and that the inhibition 
of the PI3K pathway does not block hepatic gene induction, 
but does block tissue growth. 

After invading into the septum transversum mesen-
chyme, hepatoblasts are still immature, and require various 
cell-cell or cell-matrix interactions to give rise to mature 
hepatocytes expressing urea cycle enzymes (Fig. 4). Highly 
purified hepatoblasts exhibit lower viability, growth and 
maturation in vitro (Nitou et al. 2002). Although it has been 
well known that glucocorticoids play a pivotal role in hepa-
tocyte maturation, recent studies have demonstrated that 
oncostatin M (OSM), an interleukin 6-related cytokine, 

which is emanated from hemopoietic cells, accelerates he-
patocyte maturation (Kamiya et al. 1999; Kinoshita and Mi-
yajima 2002) (Fig. 4). That stimulation depends on STAT3. 
Hepatocyte growth factor (HGF) also in the presence of de-
xamethasone induces expression of liver-specific enzymes, 
although to a lesser extent than OSM (Kamiya et al. 2001). 
HGF does not activate STAT3 and HGF-induced differen-
tiation is independent of STAT3. While OSM expression in 
the liver starts in midgestational stages and decreases in 
postnatal stages, HGF is mainly expressed in the liver in the 
first few days after birth. TGF� might also be a possible so-
luble regulator of liver development. Matrigel, a gel con-
taining basal laminar components, also stimulates hepato-
cyte maturation in fetal hepatocyte culture, suggesting that 
extracellular matrices can control hepatocyte maturation in 
liver development (Kamiya et al. 1999) (Fig. 4). 

The Miyajima group recently highlighted the specific 
role for K-Ras in regulation of homophilic adhesion during 
OSM-induced hepatocyte maturation (Matsui et al. 2002). 
By retroviral expression of dominant-negative forms of sig-
naling molecules, Ras was shown to be required for the 
OSM-induced adherens junction formation. Fetal hepato-
cytes derived from K-Ras knockout mice fail to form adhe-
rens junctions in response to OSM, whereas adherens junc-
tion formation is induced normally by OSM in mutant hepa-
tocytes lacking both H-Ras and N-Ras. Moreover, the defec-
tive phenotype of K-Ras-/- hepatocytes is restored by ex-
pression of K-Ras, but not by H-Ras and N-Ras. From DNA 
microarray analysis using mRNA from fetal hepatocytes, 
neuritin, a GPI-anchored protein, is found as a membrane 
protein expressed in hepatocytes (Kojima et al. 2005). Its 
expression increases along liver development and the maxi-
mum expression is established from the neonatal and adult 
stage, and may be a useful tool to define the differentiation 
stage of hepatocytes. 

By contrast, TNF� may negatively regulate fetal hepatic 
maturation stimulated by OSM and Matrigel (Kamiya and 
Gonzalez 2004) (Fig. 4). TNF� is expressed in the prenatal 
and postnatal liver but not in adult liver, whereas TNFR1, a 
TNF� receptor, is expressed in both fetal and adult livers. 
TNF� suppresses expression of mature liver-specific genes 
such as tyrosine aminotransferase and apolipoproteins. In 
addition, the expression of hemopoietic cytokines and cy-
clin A2, repressed by OSM and Matrigel, is induced by 
TNF� in the fetal hepatic cultures coincident with cell divi-
sion. Downregulation of HNF4� expression may be in-
volved in the mechanism of suppression of hepatic matura-
tion by TNF�. It remains to be clarified which hepatic cell 
type produces TNF� in fetal livers. 

Although some cytokines or growth factors, or extracel-
lular matrices have already been elucidated to be involved 
in liver development as described, our knowledge of ad-
ditional regulators underlying hepatic cell-cell interactions 
and the exact cell types producing such maturation regul-
ators is still limited (Fig. 4). 

Several studies using liver tumors have shed light on 
molecular mechanisms on the complementary GS and CPSI 
expression in the liver lobule (Loeppen et al. 2002; Ovejero 
et al. 2004; Hailfinger et al. 2006). Based on observations 
of differential expression of genes in liver tumors from mice 
that harbor activating mutations in either Catnb (which 
codes for �-catenin) or Ha-Ras, a model for zonal hetero-
geneity in normal liver is proposed (Hailfinger et al. 2006). 
In this model, the regulatory control consists of two op-
posing signals, one delivered by endothelial cells of the cen-
tral veins activating a �-catenin-dependent pathway (retro-
grade signal), the other by blood-borne molecules activating 
Ras-dependent downstream cascades (anterograde signal). 

Sekine et al. (2006) have indicated that, in conditional 
knockouts of �-catenin gene in hepatocytes, genes for re-
quired for glutamine synthesis, including those of GS, orni-
thine aminotransferase and glutamate transporter 1, are 
downregulated as well as cytochrome P450 enzymes. Ben-
hamouche et al. (2006) have also provided compelling evi-
dence that the Wnt/�-catenin pathway plays a key role in the 
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hepatic zonation. The complementary localization of activ-
ated �-catenin in the pericentral area and the negative reg-
ulator Apc in periportal hepatocytes is found, which is well 
consistent with that of the ammonia-metabolizing enzymes. 
The authors also demonstrated that Wnt/�-catenin signaling 
inversely controls the pericentral and periportal genetic pro-
grams by analyzing the immediate consequences of either a 
liver-inducible Apc disruption or a blockade of Wnt sig-
naling after infection with an adenovirus encoding the Wnt 
antagonist, Dkk1. Genes involved in the periportal urea cy-
cle and the pericentral glutamine synthesis systems are crit-
ical targets of �-catenin signaling (Benhamouche et al. 
2006; Werth et al. 2006). It should be demonstrated in the 
next step whether endothelial cells of the central veins 
really emanate Wnt signals or not, or whether the Wnt sig-
nals are enough for that restricted expression of the glut-
amine synthesis pathway in pericentral hepatocytes. 
 
MECHANISMS OF BILIARY CELL 
DIFFERENTIATION AND BILE DUCT 
MORPHOGENESIS 

 
Periportal hepatoblasts have been demonstrated to give rise 
to biliary epithelial cells under an inductive action from the 
subjacent connective tissue, but its molecular mechanisms 
have not been fully understood. Mutations in the Jagged1 
gene, which encodes a ligand for Notch family receptors, 
are associated with Alagille syndrome, a human autosomal 
dominant developmental disorder characterized by liver, 
heart, eye, skeletal, craniofacial and kidney abnormalities. 
In this syndrome, the liver displays a paucity of intrahepatic 
bile ducts. Recent studies using mice of doubly heterozy-
gous for the Jagged1 null allele and a Notch2 hypomorphic 
allele have demonstrated that they exhibit developmental 
abnormalities characteristic of Alagille syndrome, and also 
show absence of intrahepatic bile ducts (McCright et al. 
2002). Jagged1 signals emanated in endothelial cells of the 
portal veins may induce periportal hepatoblasts to differen-
tiate into biliary epithelial cells through Notch2-expressing 
connective tissue cells (Fig. 5). However, other roles or me-
chanisms in Jagged1-Notch2 signaling should be con-
sidered in biliary cell differentiation because biliary epi-
thelial cells and their progenitors also express both Jagged1 
and Notch2. Loomes et al. (2007) have indicated a role for 
the Notch pathway in postnatal growth and remodeling of 
the bile ducts by analyzing mice heterozygous at the Jag-
ged1 locus for both the null and conditional alleles (the 
liver-specific Jagged1 conditional knockout made under the 
control of the albumin promotor and �-fetoprotein enhan-
cer). An in vitro study with fetal hepatoblasts has demons-
trated that active Notch signaling could inhibit hepatic dif-
ferentiation and significantly reduce the expression of albu-
min (Tanimizu and Miyajima 2004). By contrast, downreg-

ulation of the Notch signaling can promote the hepatic dif-
ferentiation. Activation of the Notch signaling also upreg-
ulates HNF1� expression, which is consistent with the dif-
ferentiation state of biliary epithelial cells, whereas it down-
regulates the expression of liver-enriched transcription fac-
tors, HNF1�, HNF4� and C/EBP� (Tanimizu and Miyajima 
2004). On the other hand, Clotman et al. (2005) have eleg-
antly demonstrated that a gradient of activin/TGF� sig-
naling modulated by onecut transcription factors (HNF6) is 
required to segregate the hepatocytic and biliary lineages 
(Fig. 5). How activin/TGF� and Notch2 signalings synergis-
tically act on biliary cell differentiation is one of important 
questions to be resolved in the future. 

It has been shown that HNF6 knockout fetuses and 
fetuses with a liver-specific inactivation of the HNF1� gene 
fail to form intrahepatic bile ducts. Their knockouts exhibit 
transient cystic structure development, in which biliary epi-
thelial cells remain irregularly arranged around the branch 
of the portal veins (Clotman et al. 2002; Coffinier et al. 
2002). Because HNF6 upregulates the transcription of the 
HNF1� gene (Clotman et al. 2002; Coffinier et al. 2002), it 
is reasonable that respective knockouts exhibit similar ab-
normalities in intrahepatic bile duct development. In normal 
intrahepatic bile duct development, their expression is con-
fined to periportal pearl-like structures in midgestational 
stages, and biliary epithelial cells in later stages. Several 
genes such as PKHD1, which cause polycystic kidney dis-
eases and work for ciliary functions, are also known to be 
involved in biliary cyst formation (Lemaigre and Zaret 
2004). Furthermore, it is noteworthy that inv mice at neona-
tal stages have still the immature state for intrahepatic bile 
duct development as ductal plates or pearl-like structures in 
addition to abnormal extrahepatic bile duct formation, 
which results in severe jaundice (Mazziotti et al. 1999). The 
inv gene codes for inversin, a protein involving ciliary func-
tions, and inactivation of this gene induces the situs inversus 
with polycystic kidney diseases as other abnormalities. Thus, 
in intrahepatic bile duct morphogenesis, ciliary genes may 
be important and might be downstream of HNF6 and 
HNF1� signaling (Fig. 5). It may be curious that intrahe-
patic bile duct development in inv mice remains as ductal 
plates instead of cystic formation as seen in the extrahepatic 
bile duct and kidneys. 

We have shown that C/EBP�, which is a basic-leucine 
zipper transcription factor and upregulates the transcription 
of liver-specific genes, is downregulated in biliary epithelial 
cells during liver development, suggesting that the suppres-
sion of C/EBP�� expression� may be a prerequisite to biliary 
cell differentiation (Shiojiri et al. 2004). This idea is also 
supported by the observation that hepatoblasts in C/EBP�-
knockout mouse livers abundantly develop pseudoglandular 
structures, which resemble precursor structures for intrahep-
atic bile ducts (pearl-like structures or ductal plates) (Tomi-
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zawa et al. 1998; Yamasaki et al. 2006) (Fig. 5). In these 
pseudoglandular structures, HNF6 and HNF1� mRNA are 
upregulated. The data also showed that the suppression of 
C/EBP� expression in periportal hepatoblasts is a key for 
biliary cell differentiation, which may result in elevation of 
HNF6 and HNF1� expression (Fig. 5). C/EBP� can bind to 
regulatory sequences of the HNF6 gene and block its trans-
cription (Rastegar et al. 2000), though it is still possible that 
C/EBP� can indirectly suppress transcription of the HNF6 
gene. 

Conditional deletion of the mouse Forkhead Box (Fox) 
m1b targeted allele in adult hepatocytes has demonstrated 
that the Foxm1b transcription factor is essential not only for 
hepatocyte mitosis during liver regeneration, but also for 
intrahepatic bile duct development (Krupczak-Hollis et al. 
2004). Fetal Foxm1b knockout livers display a 75% reduc-
tion in the number of hepatoblasts, and have reduced hep-
atoblast mitosis, which contributes to abnormal liver dev-
elopment with significant reduction in the number of large 
hepatic veins compared to wild-type livers. Fetal Foxm1b 
knockout livers do not develop intrahepatic bile ducts, and 
these presumptive biliary hepatoblasts fail to express either 
biliary cytokeratins or nuclear levels of HNF1�. Foxm1b 
may be critical for hepatoblast precursor cells to differen-
tiate toward biliary epithelial cell lineage. It is intriguing to 
examine the development of portal veins and hepatic veins 
in this animal model, which can unveil a novel mechanism 
of cell-cell interactions in bile duct development. 

Although the hepatic artery is always developed around 
the portal veins with the intrahepatic bile ducts in normal 
adult livers, agenesis or dilation of the hepatic artery is in-
duced with the abnormal intrahepatic bile duct development 
in HNF6 and HNF1� knockout mouse livers (Clotman et al. 
2002; Coffinier et al. 2002). These results suggest that bile 
duct formation may be tightly coupled with the portal triad 
development (Clotman et al. 2003). The molecular mecha-
nism underlying this coupling is unknown. 

Though the extrahepatic bile ducts and gall bladder de-
velop independently of intrahepatic bile ducts, expression of 
the pancreatic transcription factor Pdx1 marks both extra- 
and intrahepatic biliary tracts. The epithelial cells of the ex-
trahepatic biliary tract, including those of the gall bladder, 
weakly express Pdx1, whereas those of intrahepatic biliary 
tract do not express Pdx1 (Sumazaki et al. 2004), suggesting 
that the former is close to the pancreas in its differentiation 
state. Inactivation of Hes1 (bHLH transcription factor wor-
king downstream of Notch signaling) gene induces pancre-
atic conversion of extrahepatic bile duct cells in addition to 
gall bladder agenesis and severe hypoplasia of extrahepatic 
bile ducts (Sumazaki et al. 2004). The absence of Hes1 may 
not affect intrahepatic bile duct development according to 
the work by Sumazaki et al. (2004). Biliary epithelium in 
Hes1 knockout mice ectopically expresses the proendocrine 
gene Neurog3, differentiates into endocrine and exocrine 
cells and forms acini and islet-like structures in the mutant 
bile ducts. Hes1 may determine extrahepatic biliary organo-
genesis by preventing the pancreatic differentiation program, 
probably by directly repressing transcription of Neurog3. 

Knockout mice for genes of HNF6 and HNF1� also dis-
play deficient development of the extrahepatic bile ducts 
and gall bladder (Clotman et al. 2002; Coffinier et al. 2002). 
These data also agree well with the fact that HNF6 upregu-
lates the transcription of HNF1� gene (Clotman et al. 2002; 
Coffinier et al. 2002). The crosstalk between Notch signal-
ing and the HNF6-HNF1� cascade should be clarified in the 
future, including that in intrahepatic bile duct development. 

inv newborn mice have abnormalities in extrahepatic 
bile duct development; anatomic variation of the extrahe-
patic biliary system and extrahepatic biliary obstruction 
leading to jaundice (Mazziotti et al. 1999). The anomaly is 
often accompanied by cystic dilation of the extrahepatic bile 
duct. As inversin is important in ciliary functions and is 
involved in polycystic kidney diseases, the absence of this 
molecule may induce cystic formation of the extrahepatic 

Fig. 5 The inactivation of C/EBP� 
gene induces pseudoglandular struc-
tures in the liver parenchyma at 
E17.5. (A) Wild-type liver. (B) Null li-
ver. Periodic acid-Schiff (PAS)-hemato-
xylin staining. HV, hepatic vein; PV, 
portal vein. Bar indicates 50 μm. (C) 
Molecular mechanisms for bile duct 
formation. Portal tissues induce adja-
cent hepatoblasts to differentiate into 
biliary epithelial cells through suppres-
sion of their C/EBP� expression. 
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bile duct like in kidneys. HNF6 and HNF1� might be up-
stream of inversin action also in extrahepatic bile duct dev-
elopment. 

Haploinsufficiency of the Forkhead Box f1 (Foxf1) 
transcription factor gene is known to cause abnormal gall 
bladder formation with perinatal lethality from lung hemor-
rhage in a subset of Foxf1+/- newborn mice (Kalinichenko 
et al. 2002). Foxf1 is expressed in embryonic septum trans-
versum mesenchyme and gall bladder mesenchyme. Its dis-
ruption (null) results in embryonic lethality at midgesta-
tional stages. Foxf1+/- gall bladders are significantly smal-
ler than those of wild-type mice and have severe structural 
abnormalities characterized by a deficient external smooth 
muscle cell layer, reduction in mesenchymal cell number, 
and in some cases, lack of a discernible biliary epithelial 
cell layer. Foxf1 appears to regulate the transcription of 
genes that are critical for cell adhesion, migration, and me-
senchymal cell differentiation. The integrin �3 subunit gene 
is a direct transcriptional target of Foxf1 protein (Malin et 
al. 2007). Foxf1+/- newborn mice have normal liver and 
intrahepatic bile ducts. 
 
CONCLUDING REMARKS 

 
This review summarized our understanding of cell lineages 
in liver development and mechanisms of cell-cell interac-
tions during hepatoblast differentiation into mature hepato-
cytes and biliary epithelial cells at present. A large number 
of knockout or transgenic mice that are targeted to induce 
impaired liver development has been developed, and is be-
ing made. Their use is one of the right ways to elucidate 
molecular mechanisms of liver development because the 
liver is a complex organ, and it is not easy to construct the 
three-dimensional hepatic architecture in vitro. Although 
not all knockout mice may be useful among them for our 
analysis, their mating may generate interesting animal mo-
dels to examine interactions among genes that may be im-
portant for liver development. Further gene inactivation stu-
dies such as conditional or site-directed mutagenesis in 
mice can unveil molecular mechanisms of liver develop-
ment as a molecular scalpel. Development of new molecu-
lar reagents that characterize molecular machineries of each 
hepatic cell type, including its cell surface antigens, is also 
still required in analyzing abnormalities of the hepatic 
architecture as well as the normal architecture. Especially, 
we have shortage of molecular markers, the expression of 
which is restricted only for liver nonparenchymal cells. 
Such reagents can also allow us to purify or exclude special 
sets of hepatic cell types in liver development. Furthermore, 
coupling of a primary culture technique with genetic studies 
of mutant animals can link extracellular signals to intracel-
lular signaling pathways that trigger hepatic cell differenti-
ation and morphogenesis. Gene transfer technology utili-
zing viral vectors will expand the molecular analysis of 
liver development. The developmental studies focusing on 
the cellular interactions and molecular mechanisms of liver 
development can also lead to construct three-dimensional 
liver tissues from embryonic stem cells, and may be inval-
uable for the regenerative medicine. 
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