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Chapter 1 

General introduction 

There are 6 large families of signal-transduction pathways that frequently 
mediate cell-cell communication during early development. These families are 
the Receptor-tyrosine kinase (RTK) family, the Wnt family, the TGF-(3 
superfamily, the Hedgehog family, the Delta-Notch family, and the Steroid-
hormone receptor superfamily. In this thesis, we show that these signal-
transduction pathways not only play a role in the earliest phases of liver 
development, but also in the development and maintenance of the zonation of 
gene expression in the liver. We have focused on the role of the Wnt, the FGF, 
and the BMP pathways, the latter two being members of the RTK and TGF-P 
families, respectively. We will first briefly describe what is presently known 
about these pathways, then summarize their roles during early liver 
development, and finally point to their emerging role during hepatic maturation 
as has emerged from our investigation. 

The Fibroblast Growth Factor (FGF) Family 

The FGF family constitutes one of the groups of paracrine factors that are 
active during development. Up to date 22 members of this family are known to 
be ligands for four transmembrane tyrosine-kinase receptors (FGFR) (Coumoul 
and Deng, 2003). The binding of the ligands to the receptors is accomplished 
with the aid of proteoglycans (heparin and heparin sulfate). Ligand binding 
causes the receptors to dimerize and activate their tyrosine kinase resulting in 
phosphorylation of the components of several signal-transduction pathways. 
FGF signaling specificity is probably determined by the activation profile of 
the FGF receptor isoform. A closer look to the FGFR properties is. therefore, 
essential to understand their function. 

FGFRs all contain a hydrophobic sequence, three immunoglobulin (IG)-
like domains, an acidic box, a transmembrane region and a tyrosine-kinase 
domain. Alternative splicing occurs for FGFR1, FGFR2 and FGFR3. The most 
studied isoforms are b and c of FGFR2. In particular FGFR2b expression is 
restricted to epithelial lineages and is activated by the mesenchymally 
expressed ligands FGF-7 and -10. FGFR2c. on the other hand, is expressed 
only in the mesenchemal lineage and therefore can be activated by the 
epithelium-based ligands FGF-2, FGF-4, FGF-6, FGF-8 and FGF-9. To 
establish their function, the expression pattern of the receptors during 
development was established An overview of FGFR expression during 
development follows: 

• FGFR1 is expressed in the mesenchyme and plays a role in early 
development. 

• FGFR2 is expressed in the epithelial lineages during early gastrulation, 
whereas during organogenesis and later development it is expressed in 
both epithelial and mesenchymal cells mediating the paracrine loop that 
was discussed in the previous section. 
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General introduction 

• FGFR3 is expressed in the central nervous system (CNS) and in bone 
rudiments. 

• FGFR4 is expressed in the definitive endoderm and in the myotome, the 
part of the somite that gives rise to the muscles. 

Mice deficient in each of the FGFRS were generated (Coumoul and 
Deng. 2003). A brief summary of the results is provided in Table 1. 

Gene 

FGFRl 

FGFR2 

FGFR3 

FGFR4 

Mutation 

Deletion /null 

FGFR1-deficient ES 
chimeras 

Deletion /isoforms 

Deletion /lilt» 

Deletion /111c 

Deletion'null 

Deletion/I I lb 

Deletion/Ilie-

Deletion null 

Deletion null 

Phenotype 

Growth retardation, detect 
mesodermal patterning, lethal ED7.5-9.5 

defect cell migration through 
the primitive streak 

Limb defects lethal ED9.5-I2.5 

Homozygous normal at weaning 

Gaslnilation defects 

Lethal ED4.5-5.5 

Lethal at birth 

Bone defects 

Bone overgrowth inner ear defect 

Morphologically normal 
Liver function decreased 

References 

Deng eraL( 1994); 

Cirunactal. 11997): 
Dengetal. (1997) 

Xuetal. |I99%) 

Partanenetal. (1998) 

Partanen et al. (1998) 

Armanetal. (1998) 
Xuetal. (1998b) 
Li et al. (2002) 

Revest «al. (2001) 

Eswarakumar el al.( 2002) 

Dengetal. (1996) 
ColvmetaL(I996)i 

Weinstein et al. (1998) 

Table I. FGFR-transgenic mice 

Up to date the only FGFR that has been linked specifically to liver 
functions is FGFR4. In particular, it was shown to be expressed in a narrow rim 
of hepatocytes around the central veins of adult liver (Yu et al., 2000). Deletion 
of this receptor causes defects in liver function with a less functional 
gallbladder, an elevated bile acid pool and an elevated excretion of bile acids 
(Yu et al, 2000). The upregulation of cholesterol7a- hydroxylase has been 
linked to the upregulation of the liver X receptor function due to the 
downregulation of its corepressor RIP 140, the level of which appears to be 
controlled by FGFR4. Moreover, FGFR4-/- mice demonstrate an increased 
sensitivity to carbon tetrachloride (CC14), possibly due to the downregulation in 
these mice of cytochrome P450 2E1, the enzyme that is responsible for CC14 

activation (Yu et at, 2003). It was also proposed (Coumoul and Deng. 2003) 
that the activation of the FGFR4 via Stat 1 and 3, and the PI3-kinase pathways 
(Hart et al, 2000) increases the expression of cytocrome P450 2E1 and of the 
liver X corepressor. This suggests a direct role of FGFR4 in the modulation of 
gene expression around the central veins. In chapter 4 we explored the function 
of fibroblast growth factors in the regulation of expression of hepatocyte-
specific enzymes involved in amino-acid metabolism. In particular we show 
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Chapter 1 

that, in cultures of fetal hepatocytes. FGF-4 is a potent inducer of the 
pericentrally expressed enzymes GS and OAT. and, in concert, a repressor of 
the periportally expressed enzyme CPS. 

The Bone Morphogenetic Protein (BMP) Family 

A second family of growth factors is the transforming-growth factor (3 family-
(TGF-P). The bone morphogenetic proteins (BMPs), which belong to this 
family (Kingsley, 1994), are signaling molecules that contain a highly 
conserved seven-cysteine domain in the carboxy-terminal region, function as 
dimers linked via a single disulfide bond and have been reported as 
multifunctional regulators of morphogenesis during development in both 
vertebrates and invertebrates. Up to date more than 30 BMP family members 
are known and serve as ligands for two types of serine/threonine kinase 
receptors, known as type I (BMPR-1) and type II (BMPR-II) (Figure 1). The 
type I receptors activate intracellular substrates through phosphorylation. Type 
II receptors are constitutively active kinases that 'trans'-phosphorylate the type 
I receptor upon dimerisation due to ligand binding. In mammals, seven type I 
and five type II receptors are known (Kawabata et al, 1998). The signaling that 
is activated by BMPs is through the Smad cascade (Savage et a/., 1996), but 
other pathways, like the activation of MAP kinases (Mulder, 2000), have also 
been reported. 

The BMPs play an important role in proliferation, differentiation, 
chemotaxis and apoptosis. It is therefore not surprising that the effect of these 
signaling molecules is regulated at several levels. In the extracellular matrix, 
BMP antagonists provide modulation: Noggin is expressed during gastrulation 
in Hensen's node, whereas Chordin, Follistatin and Gremlin affect 
differentiation during e.g. limb outgrowth (Zuniga et al, 1999). All 4 factors 

BMPs 
Intercellular, 
modulation 

Gremlin 

Noggin 

Chordin 

lollaslauil 

BMPR-

Smad cascade 
activated 

Intracellular 
modulation 

Adapted from Kawabata el al. 

Figure 1. Bone Morphogenetic Proteins (BMP) signal-transduction pathway via the 
Smad proteins. Intercellular and intracellular regulatory elements are shown. 
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General introduction 

bind with different affinities to BMP-2, -4 and -7. Membrane-receptor 
modulation is provided by pseudoreceptors that lack the intracellular 
serine/threonine kinase domain. Finally, intracellular modulation is provided by 
inhibitory Smads that antagonize the TGF-P signaling pathway by interacting 
with the type I receptor or by forming inhibitory complexes that stop signal 
transduction. 

The Wnt signaling pathway 

Wnt proteins have been divided into two main classes, canonical and non-
canonical, according to what signaling cascade they activate. The canonical 
pathway stimulates the nuclear translocation of P-catenin, and the non-
canonical pathway transduces Wnt signaling to either c-Jun N-terminal kinase 
(JNK.) or to a Ca2*- dependent pathway (Wodarz and Nusse, 1998; Kühl et a/., 
2001). 

Up to date the Wnt family consists of 19 secreted glycoproteins that 
bind to a family of seven-span transmembrane receptors, frizzled (Fz). In the 
cytoplasm, the signal is transduced to Dishevelled (Dvl). which then initiates 
the cascade of events that leads to the cytosolic accumulation of P-catenin and 
to its nuclear translocation. Once in the nucleus, p-catenin can associate with 
the Lef/Tcf family of transcriptional factors and activate gene expression (van 
Noort et ai, 2002). Our interest concerns the canonical Wnts that stimulate the 
activation of P-catenin. 

Components of the canonical Wnt pathway 

At the cell membrane 

Transcription of Wnt genes appears to be developmentally regulated in a 
precise temporal and spatial manner. The Wnt proteins are ligands for two 
distinct families of cell-surface receptors: the frizzled (Fz) family and the low-
density lipoprotein (LDL) -receptor related proteins (LRP) family. Up to date, 
10 Fz receptors have been identified, which structurally resemble the G-
protein-coupled receptors with seven transmembrane regions. This suggests 
that they may use a heterotrimeric G-protein to transduce the Wnt signal (Liu et 
ai, 2001). As for the LRP family, two members, LRP-5 and -6 , bind Wnt and 
form a ternary complex with the Wnt and Fz that is essential for the signal-
transduction cascade. Several secreted proteins can exert extracellular 
modulation of Wnt signaling. For example, Fz-related proteins and Wnt-
inhibitory factor 1 (WIF1) bind to Wnt, antagonizing its function. At the 
intracellular level, modulation can be driven by Dickkopf (Dkk), a Wnt 
antagonist, which can bind to the LRP coreceptor and structurally inhibit the 
binding of Wnt to its receptor (Mao et ai, 2001). 

In the cytoplasm 

Once the Wnt is bound to its receptor and coreceptor, the scaffold protein axin 
is recruited to the plasma membrane and interacts with the cytoplasmatic tail of 
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the LRP-5 (He et a/., 2004). In this way, the initial complex formed by GSK-
3p, p-catenin and axin is destabilized and p-catenin is free to accumulate in the 
cytoplasm and translocate into the nucleus. In concert, GSK-3p activity is 
inhibited by hyperphosphorylation of Dishevelled (Dsh). In the absence of a 
Wnt signal, GSK-3P is free to phosphorylate P-catenin at four amino-terminal 
residues (van Noort et a/.. 2002), which target it to the ubiquitin-degradation 
pathway (Kitagawa et at, 1999: Hart et at, 1999). Another negative 
intracellular modulator of the canonical pathway is the tumor suppressor gene 
adenomatous polyposis coli (APC). In the non-active condition this protein 
forms a complex with axin, GSK-3P and p-catenin. In this complex GSK-3p is 
allowed to phosphorylate P-catenin, as well as APC and axin. and in doing so, 
negatively modulates the canonical Wnt pathway. 

P-Catenin molecules in a cell membrane are involved in cell-cell-
adhesion forming as a complex with cadherin and a-catenin in the cytoplasm. 
The stability of this complex is one of the main keys of regulation as discussed 
in the next paragraphs. 

Inside the nucleus 
Once free to accumulate in the cytosol, P-catenin translocates to the nucleus 
and functions as a cofactor for the T-cell factor (Tcf)/lymphoid enhancer factor 
(Lef) family of transcription factors. P-Catenin does not bind directly to the 
DNA but contains transactivating domains in its C-terminal part (van Noort and 
Gevers, 2002). The Lef/Tcf family of transcription factors consists of four 
members (Tcf 1, Lefl, Tcf3 and Tcf4), which in the absence of p-catenin are 
bound to a family of transcriptional repressors called Groucho proteins (Roose 
et al., 1998; Cavallo et at, 1998). The expression patterns of all four 
transcription factors were determined by in situ hybridization (Roose et at, 
1999): in adult mice, Tcfl is expressed in T-lymphocytes, whereas Lefl is 
expressed in T-cells and early B-cells. 

Crosstalk 
To understand how Wnts, FGFs and BMPs coordinate the changes in gene 
expression during hepatic embryogenesis, and later on during adulthood, it is 
important to understand how these pathways crosstalk. Figure 2 is a simplified 
scheme of the possible interconnections between these signaling pathways. P-
Catenin is considered to be the "'bottleneck" for many signaling pathways. P-
Catenin can be considered biologically active in two different states: when 
bound to the cadherin or when free to accumulate in the cytoplasm. These two 
conditions are mutually exclusive. To understand how external signals 
influence the canonical Wnt pathway, it is important to focus on the 
stabilization of p-catenin, through inhibition of GSK-3p or by destabilization of 
the cadherin/catenins complex. The following ligand/receptor pathway all 
determine the balance of the P-catenin status: 

14 



General introduction 

Activation of receptor tyrosine kinases (RTKs) like FGFRs or the 
hepatocyte growth-factor receptor cMET, and cytoplasmatic tyrosine 
kinases (Fer, Fyn, Yes and Src) leads to dissociation of the 
cadherin/catenins complex and can result in accumulation of P-catenin 
in the nucleus (Danilkovitch-Miagkova et ai, 2001). 
Activation of the insulin-like growth factor type II receptor (IGFR) leads 
to nuclear translocation of p-catenin. IGFR type I instead requires 
stabilization of P-catenin (Playford et ai, 2000). 
Presenilin 1 (PSI) is a serpentine integral membrane protein involved in 

cad heri n 

Stabilizes 
p-catenin 

Stabilizes j PTPase 
Cadeherin/catenin [ p^ 

degradation 

Gene expression 

Figure 2. Cadherin/p-catenin complex and W'nt/p-catenin signaling pathway. 

Alzheimer's disease. Recently, this protein was associated with a "new" 
function that involves the regulation of the cadherin/catenin complex in 
both a positive and a negative way for this protein, has been attributed. 
PS1 can either stimulate the phosphorylation of p-catenin, mediated by 
GSK-3p and casein kinase 1 (CK1), allowing its degradation. PS1 can 
also proteolitically cleave the cytoplasmic domain of the cadherin. 
resulting in loss of cell-cell adhesion (Coleman etal, 2004). 
The zinc-finger proteins Slug/Snail are activated by FGFR1 (Ciruna et 
ai, 2003). TGFpi (Peinado et al, 2003), and ErbBl and ErbB2 
(Conacci-Sorrell et ai, 2003), resulting in loss of cell-cell adhesion and 
cytoplasmic accumulation of p-catenin. 
Protein-tyrosine phosphatases (PTPs) or inactivation of the EGF 
receptor ErbB2 stabilizes the cadherin-catenin complex, leading to 
increased cadherin-mediated cell-cell adhesion (Balsamo et ai, 1998: 
Nussee/c//., 2004). 
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Liver development 
Embryonic liver development can be divided in two main phases, viz. the 
differentiation of early hepatocytes ("hepatoblasts") from the endoderm. and 
the maturation of the hepatoblasts into hepatocytes. Whereas differentiation 
concerns the acquisition of a hepatocyte-specific phenotype. maturation 
describes the transition of the only partially functional hepatoblast into the fully 
functional hepatocyte. Differentiation occurs at the 5-somite stage (-ED9.5 in 
the mouse embryo), whereas maturation occurs at the end of gestation in this 
species, after the bile ducts have differemiated from the hepatoblasts after 
ED13.5. In the next sections we will discuss the role of morphogenetic signal-
transduction factors during early liver development and refer to their role in 
more mature hepatocytes. 

Differentiation of early hepatocytes ("hepatoblasts ") from the endoderm 

During mouse gastrulation, cells of the epiblast migrate through the primitive 
streak forming the endoderm and the mesoderm. Between ED 7.5 and 8.5 in the 
mouse, the anterior and posterior invaginations of the embryonic endoderm 
generate the foregut and hindgut. Morphogenetic movements and cell growth 
of the endoderm itself transform the gut from a sheet to a tube by ED 9.5. From 
ED 9.5 onwards, the cranioventral domain of the foregut endoderm develops 
the buds for the thyroid, lungs, liver, and the ventral rudiment of the pancreas. 
The dorsal domain of the endoderm also develops a pancreatic bud; later the 
two pancreatic buds fuse to create the definitive organ. 

The craniolateral regions of the embryonic disk of late gastrula embryos 
are the regions from which both the heart and the liver arise. The myocardium 
and the endocardium develop from the craniolateral mesoderm, whereas the 
liver parenchyma arises from the endoderm. Heart and liver development are 
strongly linked by reciprocal molecular signaling without which proper 
development would not be possible (Jung et a/., 1999). 

BMPs and FGFs have been shown to play a fundamental role in both the 
heart and the liver development (Zaret 1999). BMP and FGF signaling from the 
cardiac mesoderm and the septum transversum mesenchyme are required not 
only for activation of hepatogenic genes in the endoderm, but also to exclude a 
pancreatic fate. In situ hybridizations have shown that FGF-1 and -2 are both 
induced in the cardiac mesoderm at somite stage 6-7, whereas FGF-8 
expression declines but remains expressed where the ventral foregut and the 
cardiac mesoderm "touch" each other (Jung et ah, 1999). When added to 
cultures of ventral foregut endoderm, FGF-1 and -2 both able to induce hepatic 
genes (a-fetoprotein, serum albumin). FGF-8 was shown to have only partial 
hepatogenic activity. This growth factor-mediated induction of hepatogenesis 
was efficiently blocked when soluble dominant-negative FGF fusion proteins 
were added to co-cultures of cardiac mesoderm and ventral foregut endoderm, 
proving that FGF signaling is necessary for hepatic differentiation (Jung et ai, 
1999). 
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mesenchyme 

Figure 3. Panel A. Side view of a mouse embryo at somite stage seven. Boxed region 
indicates section viewed in panel B. In Panel B the relevant components are denoted 
and the arrows indicate critical signaling interactions. 

At ED 8.5 of mouse development the early cardiac mesoderm is 
embedded in the septum transversum mesenchymal cells that do express BMP-
2, -4 and -7 (Furuta et at, 1997). These BMPs act in concert with the FGFs on 
the ventral foregut endoderm to direct the onset of hepatogenesis. Thus, when 
Noggin, a BMP inhibitor, was added to endoderm explants, both cardiac 
mesoderm and FGF were no longer able to induce the hepatic differentiation 
(Rossi et at, 2001). Collectively, this data suggests that both the cardiac 
mesoderm and the septum transversum mesenchyme are sources for signals 
that induce liver development (Figure 3). 

One main issue that arises during organogenesis is that of the domains 
of developmental competence, a pre-parterning that determines the positioning 
of the different tissues along the anterior-posterior axis. The current opinion, 
although not yet supported by much evidence, is that differential gene 
expression of transcription factors (Zaret, 2002) or signaling molecules along 
the craniocaudal axis of the embryo determines when the endoderm is formed. 
One group of such molecules are the Foxa genes (Forkhead box A; formerly 
hepatocyte nuclear factor-3 (Hnf-3)). Members of the group can regulate the 
expression of liver-specific genes as well as genes in the lung and pancreas (Ye 
et at, 1997; Zaret, 1999). A study of the expression pattern of Foxa2 (formerly 
Hnf3P) localizes this protein in the primitive steak and in Henserfs node during 
gastrulation (ED 6.5 in the mouse). Foxal (formerly Hnf3a) is present in the 
gut endoderm at ED 7-8. before organogenesis, whereas Foxa3 (formerly 
Hnf3v) is present only in the midgut and hindgut regions (Sasaki and Hogan, 
1999; Ang et at, 1993; Monaghan et at, 1993; Ruizl Atalba et at. 1993)7x0 
study developmental functionality, the effects of deletions of Foxa genes have 
been assessed. Of the three Foxa genes only Foxa2 loss of function resulted in 
embryonic death after gastrulation. The primitive streak, node, notochord and 
foregut morphogenesis were severely affected (Ang et a/., 1993; Ang et a/., 
1994). 

A second signaling molecule positioned along the anterior posterior axis 
is the Smad2. a member of the transforming growth factor p (TGF-[3) 
superfamily. Smad2 is required for the epiblast cells to become mid and 
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posterior endoderm during gastrulation (Tremblay et ai, 2000). All together, 
these data suggest that Foxa2 and Smad2 are required for the specification of 
the anterior and posterior domains of the definitive endoderm respectively 
which then results in specification of tissue in spatial domains, such as the 
liver. It is not yet known how extensive the endodermal pre-patteming is, and it 
is even less clear whether and when individual tissues are patterned (Zaret, 
2002). HNFs, originally identified as regulators of liver-specific gene 
transcription, are also involved in development of the pancreas (Wilson et ah, 
2003). 

From hepatoblasts to hepatocytes: role of morphogenetic signal-transduction 
pathways 

Recently, Hussain et ai, (Hussain et a/., 2004) suggested a role for the 
canonical Wnt pathway in early liver development by implicating a function for 
Wnt-3a in hepatocyte proliferation, apoptosis and lineage. The same group 
(Micsenyi et a/., 2004) recently showed stage-specific expression of (3-catenin 
during normal liver development: (3-catenin is present in hepatocytes at ED 12 
followed by a temporary decline between ED 14 and 16. The decreased 
expression corresponded with an increase of expression of the P-catenin-
negative modulators APC and GSK.-3p. In the adult liver we have shown (see 
chapter 5 and Cadoret et ai, 2002) that by overexpressing (3-catenin in vivo the 
enzymatic zonal distribution is lost. PEPCK and CPS all but disappear around 
the portal veins and GS and OAT become ubiquitously expressed in the liver. 
Moreover, other proteins, like Lefl and FGF-2 (for more detail see chapters 4 
and 5) that are normally expressed pericentrally lose their zonal distribution. 

From early to mature hepatocytes: the classic view 

Up to date, the combination of appropriately timed surges in hormonal activity, 
the temporary presence of hematopoietic tissue, DNA de-methylation and the 
emergence of the lobular liver architecture were thought to suffice to generate a 
fully differentiated state in a hepatocyte. 

Hormonal function 

In 1970, Greengard (Greengard et ai, 1970) observed that increases in 
hepatocyte-specific enzyme levels coincide with increases in the levels of 
circulating glucocorticoids. Tsanev suggested in 1975 (Tsanev, 1975) that both 
the developmental increases in hepatocyte-specific enzyme activity and the 
coincident declines in mitotic activity were dependent on glucocorticoids. The 
observation that in vitro hepatocyte proliferation is inhibited by the addition of 
dexamethasone and that in vivo in glucocorticoid concentration peaks during 
the fetal period and during the preweaning period, corresponding to periods 
with slow hepatocyte proliferation, suggest that glucocorticoids may indeed 
force hepatocytes to withdraw from the cell cycle (Castellano et ai, 1978). Our 
group subsequently observed (de Groot et ai, 1987) that the hormone-induced 
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changes in enzyme activity of the periportal enzyme CPS and the pericentral 
enzyme GS were reciprocally regulated by hormones. 

Hematopoietic tissue 

The embryonic liver is the major site for hematopoiesis in the body. Jacquot 
and Nagel (Jacquot and Nagel, 1976) showed that hepatocyte-specific enzyme 
activity and hematopoietic cell maturation and migration are both hormonally 
controlled. Indeed, it was more recently demonstrated that oncostatin M, a 
cytokine that is expressed by the hematopoietic cells, and its receptor, which is 
mainly expressed by hepatocytes, in combination with glucocorticoids, can 
bring about morphological and biochemical differentiation in cultured 
hepatocytes (Kamiya et a/., 1999). In vitro this induction suppressed 
hematopoiesis, which could explain the disappearance of oncostatin M from the 
liver after hepatocyte differentiation. 

DNA de-methylation 

DNA de-methylation prevents gene expression by preventing transcriptional 
factors to bind to the targeted DNA sequences. In the liver de-methylation 
corresponds with the fetal rise in enzyme activity, but a direct relationship 
between the hormones that are implicated in perinatal hepatocyte maturation 
and methylation status remains to be demonstrated (Kunnath and Locker, 1983; 
Benvenisty and Reshef, 1987; van den Hoff et a/., 1995; Matsunaga and 
Gonzalez, 1990). 

Figure 4. PEPCK and GS expression in the adult liver. In panel A. the liver lobule 
composed by a central vein, in which the first rim of hepatocytes is GS-positive. and six 
portal veins which are surrounded by PEPCK-positive hepatocytes. Panel B indicates the 
change in blood composition as it flows from the portal to the central area exchanging 
metabolites with the hepatocytes. 
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Adult liver architecture: zonal gene expression and the "upstream-downstream" 
model 
Morphologically, the adult rodent liver is composed of three big lobes (the 
large left lobe, the somewhat smaller median lobe and the relatively small right 
lobe), and one small lobe (the caudate or Spighelian lobe). These lobes are 
composed of elementary structures known as liver lobules, each lobule in turn 
being composed of hepatocyte plates that stretch between the portal triad and 
the central veins. A portal triad contains a branch of the hepatic artery, a branch 
of the portal vein and a bile duct. The current working model of a liver lobule 
that offers an explanation for the gradients in expression that are found in the 
adult liver is the "upstream-downstream hypothesis" (Notenboom et al.,. 1997; 
Christoffels et al.,, 1999). This hypothesis is based on the fact that the nutrient-
rich blood enters the liver via the portal vein and flows through the sinusoids 
that are sandwiched between the hepatocyte plates into the central vein. The 
continuous exchange of metabolites between blood and hepatocytes will result 
in gradients in composition of the blood, even when all hepatocytes are initially 
metabolically similar. These gradients could, in turn, result in differential gene 
expression along the porto-central axis (Figure 4). The enzymes CPS and 
PEPCK on the one hand, and GS and OAT on the other are good examples of 
such gradients in gene expression along the porto-central axis, because these 
enzymes are reciprocally expressed around the portal and central veins, 
respectively, as shown in the Figure 5. 

Figure 5. Expression of GS and PEPCK in the adult mouse liver. Proteins were detected 
by immunofluorescence. GS expression is confined to the pericentral zone, whereas PEPCK 
is present around the portal veins. 

20 



General introduction 

Interest 
Up to date the "factors" involved in the pericentral-periportal genotype and 
phenotype stimulation have not been identified. Our focus of interest has turned 
to those factors that compose the signal transduction pathways that are 
frequently used in cell-cell communication during early development. We have 
identified, Wnt-3a and FGF-2 and -4 as to directly stimulate the pericentral 
phenotype. Moreover, the expression pattern of FGF-2 in adult mouse liver, 
together with the experimental in vivo data, suggest that FGF-2 is active both 
up- and downstream of P-catenin and, hence, possibly involved in an autocrine 
loop induced by the p-catenin pathway. 

Aim of the thesis 
The aim of this thesis is to obtain more insight in the signals that determine the 
zonal distribution of enzymes in the adult liver. In chapter 2, the study GS 
expression was carried out in vitro by co-cultivations with the RL-ET-14 cell 
line in order to identify the sequence responsible for GS induction. In chapter 3, 
the induction of the pericentral phenotype was studied in vitro by stimulating 
fetal hepatocytes with Wnt-3a. In chapter 4, the role of FGF-2 and -4 in 
differentially regulating pericentral and periportal enzymes was studied in vitro 
by adding the growth factors in combination with other hepatotrophic agents. 
In chapter 5, finally, the function of p-catenin was studied in vivo by injecting, 
in adult mice, an adenovirus (Adp-catS37A) that consitutitutively expressed p-
catenin and verifying the portal and central enzyme distribution. 
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Chapter 2 

ABSTRACT 

The expression of glutamine synthetase (GS) in the liver is confined to the 
hepatocytes surrounding the central vein and can be induced in periportal 
hepatocytes by co-cultivation with the rat-liver epithelial-cell line RL-ET-14. 
Co-cultivation of RL-ET-14 cells with fetal mouse hepatocytes also induces GS 
expression 4.2-fold, whereas expression of another pericentral enzyme, 
ornithine aminotransferase and a periportal enzyme, carbamoylphosphate 
synthetase, were not affected. Co-culture of RL-ET-14 cells with transgenic 
fetal mouse hepatocytes demonstrated that GS expression was induced via its 
upstream enhancer at -2.5kb and required a functional (3-catenin pathway. 

28 



The RL-ET-14 cell line 

I N T R O D U C T I O N 

Glutamine synthetase (GS; EC 6.3.1.2) catalyses the ATP-dependent 
conversion of ammonia and glutamate to glutamine. In the liver, the expression 
of GS is confined to a rim of hepatocytes surrounding the central vein 
(Gebhardt and Mecke, 1983). This zonal expression pattern develops in the late 
fetal period of mice and rats (Gaasbeek Janzen et ai, 1987) and is maintained 
after birth (de Groot et ai, 1987). The pattern of expression of GS protein is 
identical to that of its mRNA (Kuo et ai, 1988; Moorman et ai, 1988; 
Gebhardt et ai, 1988) and is complementary to the periportal expression 
pattern of another ammonia-detoxifying enzyme in the liver, 
carbamoylphosphate synthetase (CPS). Mechanistically, GS expression seems 
to be controlled by intrahepatic factors (Gebhardt and Gaunitz, 1997; Wagenaar 
et ai, 1993b) and may depend on the direction of the blood flow in the 
sinusoids (Christoffels et ai, 1999). 

In earlier studies with transgenic mice, we showed that the 
developmental appearance and pericentral expression of GS in the liver is 
determined at the transcriptional level by elements present in the upstream 
region of the GS gene (Lie-Venema et ai, 1998). In vitro experiments have 
since shown that interactions between the upstream enhancer at -2.5kb and 
several intronic regulatory elements determine the degree of activation of the 
GS promoter (Garcia de Veas Lovillo et ai, 2000; Gaunitz et ai. 1997; Gaunitz 
et ai, 2002; Chandrasekhar et ai, 1999). GS transcriptional activity in the liver 
is upregulated by the (3-catenin pathway (Cadoret et ai, 2002; Loeppen et ai, 
2002). The epithelial-cell line RL-ET-14, which was established from a 10-
day-old Sprague-Dawley rat, induces, upon co-cultivation. GS expression in 
periportal hepatocytes (Schrode et ai, 1990). We found that RL-ET-14 cells 
also induce GS in GS-negative fetal mouse hepatocytes upon co-culture. We 
further determined the GS regulatory region that mediates the effect of RL-ET-
14 cells by co-cultivating these cells with fetal hepatocytes from two different 
transgenic mouse lines, containing different parts of the upstream 
promoter/enhancer region of the GS gene. Our results show that a 244bp region 
in the upstream enhancer is sufficient for upregulating the expression of the 
transgene and that a functional p-catenin pathway is required. 
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MATERIAL AND METHODS 

Animal care 
FVB transgenic mice were maintained on a 12-hour light/12 hour dark cycle 
with free access to water and food. Pregnant females were sacrificed 11 to 17 
days after the detection of a vaginal plug (EDI 1 - ED 17). Fetal hepatocytes 
were isolated as described (Spijkers et at, 2000). The study was performed in 
accordance with the Dutch guidelines for the use of experimental animals. 

Transgenic animals 
The GS-UR transgenic line (Figure 1) contains the 5'-flanking region of the rat 
GS gene from position -3150 to +59 with respect to the transcription-start site 
(Lie-Venema et at, 1995). The GS-UE2 transgenic line (Figure 1) contains the 
244bp upstream enhancer of the GS gene (located at -2500 bp relative to the 
transcription-start site) fused to the promoter at position -965, the first and a 
partial second exons up to the translation start site, and a minimized first intron 
(Garcia de Veas Lovillo et at, 2000). 

1 1 1 h-H-MH— GSgene 
-3150 -965 -367 +59 

I 1 i 1 r T m - S V 4 0 p A GS-UR 
P A A I' K N 

'• i L • 1-|—•.......—[—i| u f 1-bGHnA GS-UE2 

Figure 1. Schematic representation of the constructs present in the respective 
transgenic mice. The GS-UR mouse contains the entire 3.1kb GS-upstream region (Pstl-
Ksp6321 fragment) coupled to the chloramphenicol-acetyltransferase gene (CAT) and the 
SV40 small-t intron and polyadenylation sequence. The GS-UE2 mouse contains the 244bp 
Afllll-Afllll fragment of the upstream enhancer region and the Bglll-Ncol fragment 
containing the promoter, the Is' exon. the minimized Is' intron and the 2,ni exon up to the 
translation start site, which is coupled to the firefly-lueiferase gene (luc) and the bovine 
growth-hormone polyadenylation sequence. The arrow indicates the translation start site in 
exon II. Abbreviations: A: Aillll: K: Ksp632I. N: Ncol: P Pstl. The representation is not 
drawn to scale. 

Culture of embryonic mouse hepatocytes 
The RL-ET-14 co-cultures were established as described (Schrode et at, 1990) 
with the addition of 0.1 uM dexamethasone. For co-culture, fetal hepatocytes 
were resuspended in culture medium and seeded at two livers per well for 
ED11 and ED 12 preparations and one liver per well thereafter. The non-
adhering hematopoietic cells were washed away with prewarmed medium after 
2 hours of culture. The remaining cells were harvested after 48 hours. To 
inhibit GSK3(3 activity, LiCl (20mM) was added to the hepatic cultures during 
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the first 24 hours of culture, while an equivalent amount of NaCl was added to 
control cultures (Hedgepeth et ah, 1997). 

Transfection of fetal hepatocytes 

Hepatocytes were seeded in medium without antibiotics and serum in 24-well 
plates at one liver per two wells. After two hours, the cultures were washed 
with pre-warmed medium and transfected with 0.1 ug pRL-CMV (Promega. 
Leiden, The Netherlands) and the luciferase reporter construct containing GS-
UE2 (Figure 1) or the proximal region of the GS promoter only (GS-control) 
using Lipofectin (Invitrogen) as prescribed by the manufacturer. After 4 hours, 
the medium was changed to normal culture medium. The cells were harvested 
after 48 hours and activity was measured using dual-luciferase reporter assay 
system (Promega) in an Autolumat plus (Berthold. Vilvoorde, Beligium). 

Total RNA extraction and first strand cDNA synthesis 
After detaching the cells with 0.2% trypsin, total RNA was extracted with the 
RNeasy mini RNA-isolation kit (Qiagen, Leusden, The Netherlands). 
Contaminating genomic DNA was eliminated with RQ1 RNase-free DNasel 
digestion (Promega). First strand cDNA was transcribed from total RNA as in 
(Lekanne dit Deprez et a/., 2002). 

Real-time polymerase-chain reaction 
PCR amplification and analysis were carried out using the Light Cycler™ with 
software version 3.0 (Roche, Almere, The Netherlands). Reaction mix 
preparation and amplification were done as described (Lekanne dit Deprez et 
at, 2002). Primers, annealing temperature and Mg concentrations are reported 
in Table 1. Calculations were performed with our real-time PCR data analysis 
program (Ramakers et a!., 2003). When reverse transciptase was omitted, a 
product never formed before cycle 30. 

Calculation of mRNA content 

18S ribosomal RNA was used as tissue base. The fold induction was calculated 
as the ratio of the specific mRNA concentration in co-cultures over plain 
embryonic liver-cell cultures, both normalized for their 18S RNA content. This 
ratio underestimates the fold induction of gene expression, since the co-cultures 
contain both RL-ET-14 and liver cells. Because the total RNA content of RL-
ET-14 cells was approximately 8-fold lower than that of embryonic liver cells, 
this effect was limited and not adjusted for. 
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Gene Primer sequence (5'-^ 3') Temp ( C i .WjjC/jin.Vl) 

Gluuitnine synthetase I• i , ( . C I I 1 I. Ci I , i i \ i A I I I l , 

R: T G G C C A C L I I A ü l \ A G I T 

Ornithine aminotransferase F J C C O A A T T G C C A T I G C G 5» 
R: A G c C C G T T A T C T C O A A f i 

Carbamoylphosphate 
sythetase 

C'hluraminphenicol 
aceryltransferase 

I I I A C A T C A G A ( I G (i ( T C A A 

R: T T G G 1 G \ (i G A G A 0 C A A 1 

I Ü A 11 G I A 1 I 1 C A 0 1 ( » G I I G i 

f( I A 11 A \ A I T G C I G G A A A T C G T G 60 

Luciferasé ' ' A G T C A A G T A A C A A G C G C G A 5g 

R < I < I G A I I I I 1 C 1 I G C G T C G * 

I8S ribosomalRNA F; T T l ° (1 A A l" ' '• s <• ( ' ( ' A ' e A ' 58 
R: C G A A I ( I C C G A C T T T C G T T C 7 

[i-caienm I A ( A ( A I G A A C' A r C T C C I T C C A A G ' G T 

l< i , \ ( , A I I G ( \ G A 1 C I I G G A ( I G G A ( A 

Table 1. Experimental conditions and nucleotide sequence of primers used for 
quantitative real-time RT-PCR. 

RNA Oligonucleotides 

The double-stranded P-catenin small interfering (si)RNA oligonucleotide (HPP 
grade) was purchased from Qiagen (sense strand: 5' 
GUAGCUGAUAUUGACGGGCdTdT-3'). " The oligonucleotide was 
resuspended in lOOmM potassium acetate, 30mM HEPES-KOH (pH 7.4) and 
2mM magnesium acetate. To disrupt aggregates, the oligonucleotide was 
heated for 1 minute at 90°C and incubated at 37°C for one hour prior to use. A 
scrambled siRNA oligonucleotide (sense strand: 5' 
UGGACUGAUACUGUCGGCGdTdT-3') was used as a control. siRNA 
oligonucleotides were validated both at the protein level by 
immunohistochemistry and Western blot and at the DNA level by PCR (see 
Table 1 one for primer sequence, MgCli a n d annealing temperature). 

Transfection with RNA nucleotides 

Hepatocytes were isolated and seeded in medium without antibiotics and 
serum. After two hours, the cultures were washed with pre-warmed medium 
and transfected with P-catenin siRNA oligonucleotide (final concentration 
50nM), using Oligofectamine as prescribed by the manufacturer (Invitrogen. 
Breda, The Netherlands). After 4 hours the medium was changed to normal 
culturing medium and RL-ET-14 cells were added at a density of 1x10 cells 
per well in a 6-well plate. The medium was refreshed after 24 hours. Total 
RNA was isolated and reverse transcribed as described except that the first 
strand was synthesised by P-catenin-specific priming. 
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Immunohistochemistry 
After rinsing with Hank's salt solution, the cultures were fixed with an ice-cold 
mixture of methanol/acetone/water (2/2/1), followed by immunohistochemical 
staining as described (Spijkers et ai, 2000). Monoclonal GS antibody (1:1.000) 
was from Transduction Laboratories, Lexington, KY and monoclonal [3-catenin 
antibody (1:500) from Santa Cruz Biotechnology Inc., California, USA. 

Statistical analysis 
Differences in the GS induction were tested with a one-way analysis of 
variance (ANOVA; SPSS version 11.5) per transgene between time points and 
per time point between transgenes. To avoid false positives, which could arise 
from the large number of comparisons, we applied a Bonferroni correction and 
used a=0.01 as the significance level. 
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RESULTS 

The GS-UE2 enhancer element is active in fetal hepatocytes 
Compared to the promoter alone, the presence of the 244bp (AflIII-AflIII) 
upstream enhancer element as present in the GS-UE2 transgene (Figure 1) 
confers a 3-fold increase in reporter-gene activity in transfected primary 
hepatocytes (Figure 2). In transgenic adult liver in vivo, the GS-UE2 construct 
shows an identical pericentral expression pattern as the endogenous GS gene 
(not shown). 
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Figure 2. Luciferase activity in fetal transfected hepatocytes. Luciferase activity in fetal 
hepatocytes transfected with plasmid GS-UE2 (n=4), containing the GS upstream enhancer 
element and the corresponding control plasmid (GS-control). Reporter gene activity is 
shown as activity ± SEM. 

RL-ET-14-mediated induction is specific for GS 
Upon co-cultivation with RL-ET-14 cells, fetal mouse hepatocytes started to 
accumulate GS. A typical co-culture of ED15 hepatocytes (Figure 3, panel B) 
shows the presence of GS after 48 hours of culture (Figure 3, panel A shows a 
plain hepatocyte culture for comparison). As observed earlier (Schrode et a/., 
1990), many islands of GS-expressing hepatocytes surrounded by RL-ET-14 
cells were found. GS staining was absent in the nuclei, as expected for a 
cytosolic enzyme. Figure 3, panel C shows that the GS mRNA content of 
embryonic hepatocytes increased 4.2-fold when co-cultured with RL-ET-14 
cells and that the effect was specific for GS, as the mRNAs for CPS and OAT 
were not induced. These effects did not differ between fetal hepatocytes of 
EDI 1 to ED17 (ANOVA p=0.975). For this reason, time points were pooled 
for the analysis of treatment effects. RL-ET-14 cells accumulated less than 
0.01 % of the GS mRNA that primary hepatocytes in co-culture accumulate, 
and accumulated no CPS or OAT mRNA. 

I 
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RL-ET-14-mediated induction of transgenic constructs 

Figure 3, panel D shows a significant 2.8-fold induction in expression of the 
reporter genne of the GS-UR transgene upon co-cultivation with RL-ET-14 
cells. As for the endogenous GS gene, the effect was seen at all embryonal ages 
(data pooled from ED11 to ED17; ANOVA p>0.5). The GS-UE2 transgene 
was similarly induced 2.5-fold (ANOVA p>0. 5). 

GS CPS OAT GS-UR GS-UE2 

Figure 3. Effect of co-culturing RL-ET-14 cells with primary mouse hepatocytes. Panels A 
and B: Glutamine-synthetase protein is not expressed in primary fetal mouse hepatocytes (ED 15) 
when cultured alone (A), but shows a positive staining for GS, when co-cultured with RL-ET-14 
cells (B). Note the absence of nuclear staining, a tissue-intrinsic immunohistochemical quality 
criterion for cytosolic proteins. Panels C and D: Stimulation of endogenous GS. CPS. OAT (C) 
and reporter-gene expression (D) upon co-cultivation of fetal hepatocytes with RL-ET-14 cells. 
Primary hepatocytes from GS-UR and GS-UE2 transgenic mice (cf. Figure 1) were (co-)cultured 
in the presence of 0. luM dexamethasone and in the presence or absence of the RL-ET-14 cell 
line. Data were normalized for 18S rRNA and show mean (=t SEM) fold induction for 42 
(endogenous genes) and 4-15 (reporter genes) independent experiments. Induction was calculated 
as the ratio of mRNA content in co-cultured over non-co-cultured henatoevtcs. 
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P-Catenin is required for GS induction 
When cultures of primary ED 15 hepatocytes were treated with 20mM LiCl, the 
GS mRNA levels were 2.1-fold higher than those in NaCl-treated controls 
(n=2). The expression of the reporter genes in the GS-UR and GS-UE2 lines 
increased 6.2- and 4.8-fold, respectively (n=l each; Figure 4. panel A). To 
establish whether this inducing effect of LiCl or RL-ET-14 was mediated by (3-
catenin, we transfected fetal hepatocytes with double-stranded si RNA 
oligonucleotide directed against the p-catenin sequence prior to cultivation. The 
siRNA oligonucleotides (50nM) effectively reduced P-catenin mRNA levels 
(Figure 4, panel D, lane 2; n=2), while transfection reagent only or scrambled 
siRNA (50nM) were without effect (lanes 1 and 3). The treatment also strongly 
reduced p-catenin protein (Figure 4, panels B and E). The transfection of the 
hepatocytes with P-catenin siRNA effectively blocked the induction of GS and 
the GS-UE2 reporter gene in hepatocytes co-cultivated with RL-ET-14 cells 
(Figure 4, panel C). 
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Figure 4. Inhibition of GSK-3J3 stimulates GS gene expression in fetal hepatocytes. Panel 
A: Fold induction by LiCl treatment of primary hepatocyte cultures only. Primary transgenic 
hepatocytes from GS-UR and GS-UE2 were cultured in the presence of 0.1 uM dexamethasone 
and in the presence or absence of 20mM LiCl. Data were normalized for 18S rRNA. Panel B: 
EDI 5 primary hepatocytes only cultured in the absence (Bl) and presence (B2) of the P-catenin 
siRNA oligonucleotide, and stained for P-catenin. Panel C: Induction of GS (black bars) and 
GS-UE2 reporter-gene (grey bars) mRNA (± SEM) in primary hepatocytes co-cultivated with 
the RL-ET-14 cell line in the absence (control) and presence of transfection reagent with 0 or 
50nM p-catenin-specific or scrambled siRNA oligonucleotide. Panels D and E: Presence of P-
catenin is reduced at mRNA level as demonstrated by PCR products loaded on a 1.5% MS-8 
agarose gel (panel D; n=2) and at protein level as shown by the Western blot (panel E; n=2). 
Lanes shown are hepatocyte cultures treated with the transfection reagent (I), with 50nM P-
catenin siRNA (2) or a scrambled siRNA oligonucleotide (3). 
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DISCUSSION 

The RL-ET-14 cell line targets the upstream enhancer/promoter region of 
the GS gene 
The aim of this study was to identify the region of the GS gene that is activated 
by the GS-stimulatory "factor" secreted by RL-ET-14 cells. Fetal hepatocytes 
are a good target because they are easy to culture and only begin to express GS 
near term. They further proved to respond well to RL-ET-14 cells with GS 
induction, irrespective of the age of the embryo from which they were taken. 
The factor produced by RL-ET-14 cells is specific for GS, because it did not 
induce another pericentrally expressed enzyme (OAT) or a periportally 
expressed enzyme (CPS). 

The GS upstream region is necessary for normal expression of the gene 
in the liver in vivo (Lie-Venema et a/., 1995) and unpublished data). The 244bp 
Afllll-AflHI fragment (present in GS-UE2) behaves, when fused to the 
promoter at position -367, as a bona-fide enhancer element in transient 
transfection experiments (Garcia de Veas Lovillo et a/., 2003; Hadden et al., 
1998; Gaunitz et al., 2002; Chandrasekhar et ai. 1999; Gaunitz et ai, 2003), 
but the promoter has to be extended to position -965 (GS-UE2) to obtain 
reporter-gene activity in the liver in vivo (unpublished observations). Upon 
transfection to fetal mouse hepatocytes, the AflIII-AflIII UE2-fragment confers 
a 3-fold increase in reporter gene expression when compared to the control 
construct. Co-cultivation of RL-ET-14 cells with fetal hepatocytes from 
transgenic mice (GS-UE2) showed that the AflIII-AflIII fragment in the 
upstream enhancer of the GS gene apparently suffices for the transgene to 
respond to the factor secreted by RL-ET-14 cells. The fold induction of the 
expression of the GS-UR and GS-UE2 transgenes upon co-cultivation 
amounted to 60-70% of that measured in the same extracts for the endogenous 
GS gene (Figure 3 panels C and D). Enhancing sequences that are 
quantitatively important for GS induction by RL-ET-14 cells may, therefore, be 
absent from our transgenic constructs. 

The RL-ET-14 cell line induction of GS expression is mediated by P -
catenin stimulation 
Cell-cell interactions are not necessary for RL-ET-14 cells to induce GS 
expression in periportal hepatocytes (Schrode et ai, 1990), suggesting that a 
secreted, possibly proteinaceous factor is involved (Gebhardt and Gaunitz, 
1997). Okadaic acid, at a concentration that selectively inhibits the protein 
phosphatase A2, completely inhibits this induction of GS in adult pig 
hepatocytes during co-culture with RL-ET-14 cells (Gebhardt et at, 1998). 
This finding suggests that phosphorylation of a signal-transduction component 
prevents the upregulation of GS expression by RL-ET-14 cells when okadaic 
acid is present. Recently, it was shown that infection of the liver with an 
adenovirus expressing P-catenin lacking the N-terminal phosphorylation site 
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causes induction of GS expression outside the pericentral rim of hepatocytes 
(Cadoret et ai, 2002). The link between P-catenin activation and GS expression 
was further strengthened when it was shown that tumors carrying P-catenin 
mutations were GS-positive. whereas no GS expression was seen in those that 
did not (Cadoret et ai, 2002). p-Catenin is phosphorylated by GSK-3p. When 
we tested the effect of the non-competitive GSK-3P inhibitor LiCl (Hedgepeth 
et ai, 1997) on hepatocyte cultures, GS expression was indeed enhanced. The 
next step was to test whether P-catenin was indeed crucial for RL-ET-14-
mediated upregulation GS. A small interfering RNA oligonucleotide directed 
against P-catenin was very effective in specifically suppressing GS and GS-
UE2 expression. These findings show that p-catenin is essential for GS 
activation by RL-ET-14 cells and that its effect is largely mediated via the 
AflIII-AflIII enhancer fragment. The involvement of P-catenin in RL-ET-14-
mediated GS expression in hepatocytes makes the family of Wnt proteins likely 
candidates for the proteinaceous GS-inducing factor that is produced by RL-
ET-14 cells. In agreement, we have observed the presence of several Wnt 
mRNAs species in RL-ET-14. Wnt 7A, 7B and 5A being the most prominent 
(unpublished results). 
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ABSTRACT 

Thus far, the signals that specifically affect the expression of enzymes in the 
pericentral region of the liver have not been identified. We have now-
recognised Wnt-3a as a signal protein that selectively upregulates the 
expression of the pericentral liver enzymes glutamine synthetase and ornithine 
aminotransferase in fetal mouse hepatocyte cultures. We further show that the 
optimal inducing concentration of Wnt-3a was 10-20nM, that Wnt-3a also 
induced the expression of a GS transgene driven by the 244bp upstream-
enhancer element of the GS gene, and that interference with (3-catenin 
abolishes the expression of both the endogenous GS and OAT genes and the 
GS transgene. To corroborate the role of the Wnt signaling pathway in vivo, we 
investigated the zonal distribution of (3-catenin and the four members of the 
Lef/Tcfs transcription-factor family (Tcf-1, Lef-1, Tcf-3 and Tcf-4). The Tcfs 
and Lef-1 are expressed in a shallow portal-central gradient whereas P-catenin 
is homogenously distributed in the adult liver. 
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INTRODUCTION 

Various genes are expressed along a porto-central gradient in the liver. Using 
the cellular concentration of enzymes as a parameter, hepatocytes can be 
divided into those surrounding the terminal branches of the afferent portal vein 
("upstream" or "periportal" hepatocytes) and those surrounding the terminal 
branches of the efferent hepatic vein ("downstream" or "pericentral" 
hepatocytes). The gluconeogenic enzyme phosphoenolpyruvate carboxykinase 
(PEPCK) and the ornithine-cycle enzyme carbamoylphosphate synthetase 
(CPS) are typical examples of periportally expressed enzymes (Anderson et al, 
1982; Gaasbeek Janzen et al.., 1984), whereas glutamine synthetase (GS) and 
ornithine aminotransferase (OAT) are typical examples of pericentrally 
expressed enzymes (Gebhardt and Mecke, 1983; Kuo and Darnell Jr, 1991). 
The phenotype of the upstream, periportal hepatocytes seems to be determined 
by the concentration of regulatory signals in the afferent blood, whereas that of 
the downstream, pericentral hepatocytes appears to be additionally determined 
by changes in blood-composition due to the metabolic and/or biosynthetic 
activity of the upstream hepatocytes ("upstream-downstream" hypothesis; 
Notenboom et al, 1996; Christoffels et al, 1999). 

Thus far, the signals that specifically affect the expression of enzymes in 
the pericentral region of the liver have not been identified. Recently, a first step 
was made towards the identification of these signals when we showed that 
activation of p-catenin signaling by transgenic- and adenovirus-mediated 
overexpression of a constitutively active P-catenin mutant in the liver caused 
GS and OAT to become widely expressed in periportal hepatocytes (Cadoret et 
al, 2002), implicating P-catenin-dependent signaling in the zonation of hepatic 
gene expression. Wnt signaling was recently also shown to be involved in liver 
development, as it supported biliary differentiation by enhancing stem-cell 
specification, hepatocyte transdifferentiation and survival of bile-ductular cells 
(Hussain et al, 2004). 

As a result of the Wnt signaling, P-catenin is stabilized and allowed to 
translocate to the nuclei where it can bind to the lymphoid enhancer factor-1 
(Lef-l)/T-cell factor (Tcf) family of transcription factors to activate gene 
expression (Seidensticker and Behrens, 2000). Although P-catenin stabilisation 
and subsequent nuclear translocation is usually associated with Wnt signaling 
(Giles et al, 2003; van Es et ah, 2003), recent studies have also implicated 
hepatocyte growth factor (HGF) and epidermal growth factor (EGF) in p-
catenin-mediated gene expression (Monga et al, 2002; Papkoff and Aikawa, 
1998; Muller et al, 2002). In order to locate in the liver the components of the 
Wnt signaling pathway we have established the expression patterns of P-
catenin and the four members of the Lef/Tcfs transcriptional factor family (Tcf-
1, Lef-1, Tcf-3 and Tcf-4). The four Lef/Tcfs are present in the liver during 
liver development and adulthood. In the adult liver the Tcf-1, Tcf-3 and Tcf-4 
are distributed along a portal gradient like PEPCK. Lef-1, instead, follows the 
central expression pattern of the GS gene although the steepness of the gradient 
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is not pronounced. (5-Catenin shows no porto-central gradient in its distribution 
in the adult liver. 

Additionally, we tested Wnt-3a and Wnt-2b as representatives of the 
canonical Wnt signaling pathway for their capacity to induce the expression of 
the typical pericentral enzymes GS and OAT in cultures of mouse hepatocytes. 
Finally, we aimed to identified the regulatory sequences in the GS gene that 
respond to Wnt/p-catenin signaling, using the transgenic line GS-UE2 that 
contains the upstream enhancer of the GS gene. Our results show that Wnt-3a 
is a powerful inducer of GS and OAT expression, being effective in the 
nanomolar range, that P-catenin-specific RNA interference abolishes this 
inducing effect, and that the 244bp GS-upstream enhancer confers this inducing 
effect upon the GS promoter. 
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MATERIAL and METHODS 

Animals 
Mice were maintained on a 12h light/12h dark cycle with free access to water 
and food. Pregnant females were sacrificed 13 to 17 days after the detection of 
a vaginal plug (ED 13 - ED 17). The study was performed in accordance with 
the Dutch guidelines for the use of experimental animals. 

The GS-UE2 transgenic line contains the 244bp upstream enhancer of 
the GS gene (located at -2500bp relative to the transcription-start site) fused to 
the promoter at position -965, the first and second exons up to the translation 
start site, and a minimized first intron (Garcia de Veas Lovillo et al., 2000). 

Culture of fetal hepatocytes 
Fetal hepatocytes were isolated as described (Spijkers et ai, 2000), 
resuspended in culture medium, and seeded at one liver per 10cm2 dish. All 
cultures contained 0.1 u.M dexamethasone. The non-adhering hematopoietic 
cells were washed away with prewarmed medium after 2-3 hours of culture. 
The remaining cells were harvested after 48 hours of treatment or co-
cultivation. 

Culture of 293T cells 

293T cells, seeded one day earlier were transfected, at about 90% confluence, 
with plasmids PGKNeo, PGKW3A (Muroyama et al., 2002) or CMV-Wnt-2b 
(Lin et al, 2001) using the Lipofectamine™ Reagent and Plus™ Reagent as 
specified by the manufacturer (Invitrogen, Breda, The Netherlands). The next 
day, the cells were detached with 0.2% trypsin, added to the culture of fetal 
hepatocytes, and maintained for 48 hours. GS, CPS, OAT and PEPCK. were not 
detectable in the 293T cell line (data not shown). 

Mouse Wnt-3a 

Recombinant mouse Wnt-3a (rmWnt-3a; R&D Systems, Uithoorn, The 
Netherlands) was dissolved in sterile PBS. supplemented with 0.1% BSA. The 
recombinant protein was added directly to cultures in concentration range of 0-
40 ng/ml after the hepatocytes had attached and/or after siRNA transfection. 

RNA extraction, cDNA synthesis and quantitative PCR 
After detaching the cells with 0.2% trypsin, total RNA was extracted with the 
RNeasy mini RNA-isolation kit (Qiagen, Leusden, The Netherlands). 
Contaminating genomic DNA was eliminated with RQ1 RNase-free DNasel 
(Promega, Leiden, The Netherlands). First strand cDNA was transcribed from 
total RNA as described (Moore et al., 1998; Lekanne dit Deprez et al., 2002). 
PCR amplification and analysis were earned out using the Light Cycler™ with 
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software version 3.0 (Roche, Almere. The Netherlands). Primers, annealing 
temperature and Mg concentrations are reported in Table 1. When the reverse 
transcriptase was omitted, a product never formed before cycle 30. The mRNA 
concentrations were calculated using our real-time PCR data analysis program 
(Ramakers et al. 2003) and expressed relative to 18S RNA. 

RNA oligonucleotides and transfection of hepatocytes 

The (3-catenin small-interfering (si) RNA oligonucleotide (HPP grade) was 
purchased from Qiagen (sense strand: 5'-
GUAGCUGAUAUUGACGGGCdTdT-3;). The sense and antisense strands 
were resuspended in lOOmM potassium acetate, 30mM HEPES-KOH (pH 7.4) 
and 2mM magnesium acetate, heated for 1 minute at 90°C to disrupt 
aggregates, and incubated at 37°C for one hour prior to use. A scrambled 
si RNA oligonucleotide (sense strand: 
5,-UGGACUGAUACUGUCGGCGdTdT-3,) was used as a control. After 
washing the attached hepatocytes free of non-adhering cells, they were 
transfected with p-catenin siRNA oligonucleotides, using Oligofectamine as 
prescribed by the manufacturer (Invitrogcn). After 4 hours, the medium was 
changed to normal culturing medium and, if applicable, co-cultivation with 
transfected 293T cells was started. The medium was refreshed after 24 hours. 
Total RNA was isolated and processed as described. Silencing was validated by 
Western blot and PCR analysis (data not shown). 

Gene Primer sequence (>'-> 3') Temp ("(') MgClAmM) 

Glutamine synthetase F ''' ° c T T c c G G T T A Ï A C T r G 55 3 
K T G G C C A C C T C A D C A A G T 1 

Ornithine aminotransferase ' ' ' '• A A r T G C c A T T G < G 58 4 

R A O C C < G I T A T C I' t G A A G 

Carbamoylphosphate F ' ' A C A t < A G A I T r, t, c 1 1 \ \ 
. - . . ! . _ . _ . _ it 1 1 ( i 1: I i\ 4 i: c \ *: A r: t' A A r -^^ 

sythetase 

Chloraminphenicol 
aeetyltrdnsfera.se 

I I (I G 1 (i A (j ü A (J A (j C A A 1 

P G A G « ( A T I I ( \ G T C A (i t I' G 1 

R. 7 A Q A A A C T ü C C G G A A A T C (i T C 60 4 

Luciferase r' C A Q T ( A A a 1 A A C A A C C G C G A 53 3 
R C T C T G A T T T T T C T T G C G T C G A 

ISSribosomalRNA F: T T c G G A A C T G A G G C C A T G A T 5 8 3 
R ( <i A A I C • I ( C' (, \ C 1 T T C G T i l I 

B-eatenin ' A c A c A 7 G * A c A 1 c T c ( T T ( c A A G O T ^5 15 
K G A G A C T G e- A G A T < T T G G A C T G G A C A 

Table 1. Sequences, annealing temperature and MgCI2 concentrations for all primers used. 
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Immunofluorescence 
The hepatocyte cultures were rinsed with Hank's salt solution and fixed at 4°C 
for 10 minutes, in an ice-cold mixüire of methanol/acetone/water (2/2/1, v/v). 
Prior to staining, the cultures were rehydrated in graded alcohol series. Adult 
mouse livers and embryos were dissected, fixed overnight in 4% formaldehyde, 
embedded in paraffin and sectioned at 7 urn thickness. The sections were 
deparaffinized with xylene (3 times 7 minutes), hydrated in graded alcohol 
series and boiled for 2 min in lOmM Na-citrate (pH 6.0). Cell and tissues were 
blocked in Teng-T (lOmM Tris, 5mM EDTA, 150mM NaCl, 0.25% (w/v) 
gelatin and 0.05% (v/v) Tween-20, pH 8.0) and incubated overnight with the 
first antibody diluted in PBS (Tcf-1 1:100, Tcf-3/4 1:100, Tcf-4 1:100, Lef-1 
1:10 and (3-catenin 1:100 (all from Santa Cruz, Heerhugowaard, the 
Netherlands)); GS 1:1,000 (Transduction Laboratories, Lexington, KY) and 
PEPCK 1:1,000 (Christ et al, 1988). Antibody binding was visualized using 
ALEXA488 or ALEXA568 fluorescent antibodies (Molecular Probes, Breda, 
The Netherlands). Nuclei were visualized with TOT03 (1:5000 in PBS: 
Molecular Probes, Breda, The Netherlands). The sections were analyzed with a 
Biorad MRC1024 confocal laser-scanning microscope. 

Measurement of porto-central gradients in gene expression 
Porto-central gradients in gene expression were quantified exactly as described 
(Ruijter et al, 2004). The positions of the terminal branches of the portal and 
central veins were determined using the images of PEPCK and GS expression. 
The portal and central skeletons derived from the PEPCK. and GS positive 
areas were used to construct a relative distance map that served to determine 
the porto-central position eveiy hepatocyte in the image. Gene expression of 
PEPCK, GS, and the transcription factors of the Lef/Tcfs family were mapped 
to this relative porto-central axis. 

Statistical analysis 

Two-way analysis of variance (ANOVA) with treatment and embryonic age as 
between-subject factors did not show a significant effect of age or a significant 
interaction of age and treatment. Therefore, the results of cultures of different 
embryonic ages were pooled during analysis. For each experiment, the data 
were then analysed with a one-way ANOVA. When the overall hypothesis was 
rejected, the post-hoc Student-Newman-Keuls test was used to determine 
which treatment groups differed significantly. Each data point comprised 3-7 
independent measurements. To avoid accumulation of type-I errors, statistical 
significance was accepted at P<0.01. 
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RESULTS 

GS and OAT expression in hepatocytes upon co-culture with Wnt-3a- and 
Wnt-2b-expressing cells 
ED 14 fetal mouse hepatocytes express a very low level of GS after 48 hours of 
culture (Figure 1A). As expected for a cytosolic enzyme GS staining was 
absent from the nuclei. Figure 2A shows the effect of co-cultivating fetal 
hepatocytes with 293T cells that were transiently transfected with a control 
plasmid (PGKNeo) or the Wnt-3a-expression plasmid PGKW3A. Exposure to 
Wnt-3a produced by the 293T cells resulted in a 6-fold induction of GS 
expression. A similar inducing effect of exposure to Wnt3a was seen on the 
expression of OAT, another pericentrally expressed enzyme. Expression was 
abolished when (3-catenin in the fetal hepatocytes was silenced with |3-
catenin-specific siRNA (compare grey with black bars). Co-cultivation of fetal 
hepatocytes with 293T cells that had been transiently transfected with the Wnt-
2b-expression plasmid CMVWnt-2b did increase GS or OAT expression, but 
these effects did not reach significance (P=0.03 and 0.1, respectively). When 
mRNA levels of the periportal enzymes CPS and PEPCK were assayed in the 
same RNA extracts, no effect of Wnt-3a was observed (P=0.40 for CPS and 
P=0.28 for PEPCK). 

mrWnt-3a 
Figures 1 and 2. panels B shows that purified mouse recombinant Wnt-3a was 
as effective in inducing GS and OAT in fetal hepatocytes as co-cultivation with 
Wnt-3a-expressing 293T cells. GS and OAT mRNA concentrations increased 
dose-dependently, with optimum concentrations being 10-20ng/ml or 0.25-
0.5nM mrWnt-3a. Although OAT mRNA levels were highest at 10ng/ml, 
20ng/ml was clearly the optimal concentration to induce GS. Figure IB shows 
that exposure to mrWnt3a increased both the number and the staining intensity 
of GS-positive cells. Whereas the increase in mRNA levels of both pericentral 
enzymes was highly significant (P<0.01 for both enzymes), expression of the 
periportal enzyme CPS was again not affected at any of the doses used 
(P=0.629). We also tested the effect of mrWnt-3a on the expression of the 
reporter gene in fetal hepatocytes of the transgenic line GS-UE2, which 
harbours 244bp of the upstream enhancer of the GS gene. Like the endogenous 
GS gene, the transgene was maximally induced at 20ng/ml (P=0.01). 

Signal transduction through the Wnt signaling pathway was further 
dissected in experiments shown in Figure 2C. Comparison of the first and the 
second group of bars shows that the expression of GS, the transgene GS-UE2, 
and OAT were induced ~-12-fold, when 20ng/ml Wnt-3a was added to the 
cultures. The third group of bars shows that transfecting the fetal hepatocytes 
cultures with scrambled siRNA oligonucleotides did not affect their subsequent 
response to exposure to mrWnt-3a. The response to Wnt-3a could be annulled, 
however, by prior transfection of the fetal hepatocyte cultures with p-catenin-
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specific siRNA oligonucleotides (fourth group of bars; PO.01 for all three 
gene products). The mRNA levels of CPS and PEPCK were again not affected 
by the presence of the mrWnt-3a (P>0.2 for both enzymes). The fold induction 
of the transgene and the endogenous GS gene in the presence of mrWnt-3a only 
and after silencing of p-catenin expression was similar (P>0.3), showing that 
\\nt-3a inducibility of the transgene is similar to that of the endogenous gene. 
The GS-UE2 transgenic mouse line therefore contains all the elements 
necessary to be induced by Wnt-3a. 

Figure 1. \ \nt-3a induces expression of glutamine synthetase in primary fetal hepatocytes. 
Glutamine synthetase protein expression in ED14 primary fetal mouse hepatoc\tcs. green, when 
cultured alone (A) or in the presence of 20ng/ml of mr\Vnt-3a (B). Note the absence of nuclear staining, 
a tissue-intrinsic quality criterion, and the increase in number and staining intensity of GS-positive 
cells. Nuclei arc shown by TOT03 nuclear stainig in blue. Scale bar: 50pm 

• 
Figure 2. Wnt-3a induction of" the expression of the pericentral enzymes glutamine synthetase and 
ornithine aminotransferase. Panel A: GS and OAT mRNA expression in fetal hepatocytes upon co-
cultivation with 293T cells transfected with a Wnt-3a expressing plasmid (PGKVV3A: n=6) or a control 
plasmid (PGKNeo; n 4). Hepatocytes were transfected in the absence (black bars) or in the presence 
(grey bars) o\~ siRNA oligonucleotides directed against fi-catenin. Panel B: Dose-response relation 
between rmWnt-3a concentration in the culture medium and the expression of GS (diamonds). OAT 
(squares), and the GS-UE2 reporter gene (open triangles! (P 0.005; N~-l 1. 1. 1. X. 2. and 1 for GS and 
OAT at 0. 5. 10. 20. 30 and 40 ng ml Wnt-3a, respectively, and n=7. 6. and 2 for the reporter gene at 0. 
20 and 30 ng ml \Ynl-3a. respectivel) ). Panel C: induction of endogenous OS (black bars), the GS-UE2 
reporter gene (light grej bars) and OAT (dark grey barsi upon treatmenl of the cultures with rm\Vnt-3a 
at 20IIL: ml. as well as the effect of scrambled and p-catentn-specific siRNA (both at 50nM). (P<0.01 for 
all enzymes; N = l 1, 8, 5 and 7 for endogenous GS and OAT for the conditions no mrWnt-3a. only Wnt-
3a, \\ nt-3a and scrambled siRNA, and Wnt-3a and p-catcnin siRNA, respectivelx N 7, 6, 5 and 7 for 
the reporter gene is the same conditions described above). mRNA levels arc expressed relative to INS 
RNA levels. 
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Intrahepatic distribution of P-catenin and Lef/Tcf 

We used immunofluorescence staining of adult mouse liver to establish the 
expression patterns of P-catenin and its nuclear co-factors Lef/Tcf. Figure 3 
shows that GS (A) and PEPCK (B) displayed the well-known reciprocal porto-
central staining pattern. P-Catenin (Figure 3C-G) exhibited the expected 
membranous localization in the hepatocytes. Although the overall distribution 
of P-catenin in the liver was homogeneous (Figure 6, panel A), we found a 
more prominent cytoplasmic P-catenin staining in the hepatocytes surrounding 
the central vein than in those surrounding the portal veins (Figure 3, panels F 
and G). 

Tcf-1, Lef-1, Tcf-3 and Tcf-4 are expressed already in the developing 
liver (data not shown). In the adult liver the Lef-1 (Figure 4, panels C-G) 
expression pattern mainly follows that of the endogenous GS gene (Figure 4, 
panel A), with positive cells mainly present in the pericentral zone, although 
some scattered positive cells were also seen in the periportal areas. Further 
magnification of the pericentral area showed that the Lef-1 staining was present 
almost exclusively in the cytoplasm of the pericentral hepatocytes (Figure 4, 
panel F, yellow arrows). Figure 6, panel B shows that the Lef-1 gradient, 
(followed that of the endogenous GS along the portal-central axis. Tcfl, 3/4 
and 4, instead, appeared to have an overall rather broad staining in the portal 
areas (Figure 4 panel H, for Tcf3/4 and Figure 5 panels C and H, for Tcfl and 
4). A closer inspection revealed that the staining in the portal area is specific 
for endothelial cells. (Figure 4, panels K and L and Figure 5, panels E, G, J and 
L, yellow arrows indicate the endothelial cells). The central area for both Tcfl 
and 4 does not show detectable amounts of proteins (Figure 5, panels D, F, I 
and K) where as Tcf3/4 shows staining in the cytoplasm of the central localized 
hepatocytes (Figure 4 panel I and K, yellow arrows). In order to verify the 
average portal-central distribution we have measured the portal-central gradient 
for PEPCK and GS (Figure 6 panel A) and measured the gradient for p-catenin 
(Figure 6 panel A), Lef-1, Tcfl, 3/4 and 4 (Figure 6. panel B). As shown in 
Figure 6. panel A GS and PEPCK display the expected portal-central gradient 
directions, for PEPCK and GS. P-catenin does not show a gradient in its 
distribution along the portal central axis (Figure 6, panel A). In Figure 6 panel 
B, Lef-1, Tcfl, Tcf3/4 and Tcf4 gradients are shown. Tcfl, 3/4 and 4 resemble 
the portal gradient of PEPCK whereas Lef-1 follows the GS distribution along 
the portal-central axis. 
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Figure 3. p-("atcnin expression in the adult liver. Immunofluorescenl staining for (iS 
(A) and PEPCK (B) expression, respectively around the central and portal veins, (i-
Caienin staining is shown in panel C, with panels D and E representing magnifications ol 
the boxed areas in panel C" in the pericentral (D) and periportal (F.) areas, respectively 
Panels F and Ci are an enlargement of the boxed areas in panels D and E, respectivly. 
Scale bar: 50pm 
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Figure 4. Expression of Lef/Tcf transcription factor family in the adult liver. 
[mmunofluorescenl staining for GS (A) and PEPCK (B) expression, respectively around 
the central and portal veins. Panel C enlargement of the boxed area in panel A. Lef-1 
expression pattern is shown in panels D to H. Panel D is a general overview. Panels H 
and F show details of the of the central and portal area, respectively. Panels F and H are 
an enlargement of the boxed areas in panels E and F. The yellow arrows in panel G 
indicate the cytoplasmatic detection of the Lef-1 in the hepatocytes around the central 
vein. Tcf3 4 expression pattern is shown in panels 1 to M. Panel I is a general overview. 
Panels J and K show details of the of the central and portal area, respectively. Panels L 
and M are an enlargement of the boxed areas in panels J and K. The yellow arrows m 
panel L indicate the cytoplasmatic detection of the Tcf3 4 in the hepatocytes around the 
central vein. The yellow arrows in panel M indicate the endothelial cells stained for 
TcO 4 in the portal area. Scale bar: 50pm 
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DISCUSSION 

Cultures of fetal hepatocytes as tool to dissect signal-transduction 
pathways in liver 
An important characteristic of the adult liver is the zonation of gene expression 
around the portal and central veins. GS, OAT. CPS and PEPCK were used 
throughout this study as representative enzymes of the pericentral (GS and 
OAT) and periportal (CPS and PEPCK) phenotype. Metabolic zonation in the 
liver arises towards the end of fetal development (Gaasbeek Janzen et a/., 1987; 
Lamers et at, 1987; Notenboom et ai. 1997). Previously, we showed that the 
hormonal regulation of the expression of the periportal enzymes CPS and 
PEPCK in cultures of fetal hepatocytes was identical to that observed in 
postnatal hepatocytes (van Roon et a/., 1988; Lamers et a/., 1984). Now, we 
show that Wnt3a, a representative of the canonical Wnt signal-transduction 
pathway, selectively induces expression of GS and OAT in such cultures, 
without affecting the expression of the periportal enzymes CPS and PEPCK. 
We further show that the late fetal appearance of metabolic zonation in the liver 
coincides with the pericentral appearance of Lef-1 expression, suggesting that 
the local accumulation of this downstream effector of Wnt signaling could play 
an important role in the establishment of the pericentral component of the 
zonation of gene expression. Together, these fundings show that cultures of 
fetal mouse and rat hepatocytes are an excellent tool to dissect the signal-
transduction pathways that are involved in the regulation of expression of both 
periportal and pericentral liver enzymes. 

Canonical Wnt signaling induces pericentral enzymes 
The present experiments show that the canonical Wnt-3a is a strong inducer of 
the expression of the pericentral enzymes GS and OAT in fetal hepatocyte 
cultures. In the transfection experiments, Wnt2b was shown to not influence the 
portal or central gene expression, although it is part of the canonical Wnt class. 
The specificity of the receptors, and their expression on the fetal hepatocytes, 
might play a role in the different modes of actions of these two canonical Wnts, 
explaining why the effects are not the same (Castelo-Branco et at, 2003). 

Downstream of the Wnt/fi-catenin signaling pathway are the 
transcription factors that belong to the Lef/Tcf family. All Lef/Tcf transcription 
factors were found in both fetal and adult liver, although they differ in their 
localization. Tcfl, 3 and 4, are mainly expressed in a shallow portal-central 
gradient as PEPCK (Figure 6), in the endothelial (Figures 4 and 5), with only 
few hepatocytes being positive for Tcf3 around the central veins (Figure 4, 
panel K, arrows). Lef-1 is unique among these downstream effectors of Wnt 
signaling in that it is expressed in a similar albeit more shallow porto-central 
gradient as GS and that this gradient first appears when zonation of gene 
expression becomes identifiable at the end of the fetal period. 
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In normal adult liver, we could not demonstrate a porto-central gradient 
in expression of (3-catenin, leaving open the possibility that the exclusively 
pericentral effect of Wnt-3a arises from the pericentral expression of its 
downstream factor Lef-1. To further delineate the relation between Lef-1 
expression and pericentral gene expression, we therefore determined Lef-1 
concentrations along the portal-central axis and compared it to that of GS. The 
most obvious difference between both patterns is the steepness in the gradient, 
indicating that Lef-1 has to cooperate with other factors. In addition, our 
finding that Lef-1 expression increases towards the central veins suggests that 
the confinement of the effects of Wnt signaling to the pericentral zone will be 
largely determined by factors that regulate Lef-1 expression. 

The sinusoidal cells in the liver do also express GS (Figure 7, panel A), 
which co-localizes with the expression of Tcfl, Tcf3/4 and Tcf4 (Figure 7, 
panels B to E). Assuming that GS expression in the sinusoidal cells is also 
driven by P-catenin, the (near) absence of Lef-1 suggests that Tcf-1, Tcf-3, 
and/or Tcf-4 rather than Lef-1 functions as a co-factor of P-catenin in these 
cells. 

Wnt signaling in non-cycling cells 
The Wnt/p-catenin signaling pathway plays an important role throughout 
development. In particular, the role of this signaling pathway in liver growth 
and cancer has been extensively studied groups (Zaret, 1999; Van Nhieu et al, 
1999; Hussain et al, 2004; Monga et al, 2003; Cadoret et al, 2001). Gene 
silencing studies on P-catenin have shown the importance of this protein for 
proper liver development (van Es et al, 2003) and recently a role for Wnt-3a in 
cell proliferation has been investigated (Suksaweang et al., 2004; Hussain et 
al, 2004). They show a significant effect of the Wnt in vitro in liver growth 
and differentiation with consequences on the biliary epithelial cells. A further 
step in unravelling the P-catenin role in liver was taken when we showed that 
GS expression in the adult liver was associated with the P-catenin 
overexpression (Cadoret et at, 2002). The association of hepatic carcinomas 
with activating mutations in the Wnt-signaling pathway on the one hand (Jin et 
al, 2003; de la Costa et al, 1998; Loeppen et al, 2002) and with over 
expression of GS and OAT on the other hand (Christa et al, 1994; Miyasaka et 
al, 2001) might imply that Wnt signaling is more efficient in proliferating cells 
(Cadoret et al, 2002). In agreement, Wnt-3a signaling was recently associated 
with cell proliferation and differentiation of embryonic hepatoblasts towards 
the biliary lineage (Hussain et al, 2004). In the intestine, Wnt signaling 
similarly influences epithelial proliferation and differentiation of the stem cells 
(Sancho et al, 2003). However, Wnt signaling remains active in the Paneth 
cells at the bottom of the crypts, that is, in cells that have withdrawn from the 
cell cycle (Sancho et al, 2003). Interestingly, these Paneth cells are the only 
cells in the intestine that express GS (Roig et at., 1995). Although Wnt 
signaling and nuclear accumulation of P-catenin in the pericentral hepatocytes 
of the liver still have to be demonstrated, our current observations show that 
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Wnt signaling is not restricted to multiplying cells but can also play a role m 
the induction of gene expression in quiescent cells. 

v: r- ;> 

Figure 5. Expression of Lef/Tcf transcription factor family in the adult liver. 
Immunofluorescent staining for (iS (A) and PEPCK (B) expression, respectively 
around the central and portal veins. Tct'1 expression pattern is shown in panels C to 
G. Panel C is a general overview. Panels D and E show details of the of the central 
and portal area, respectively. Panels F and G are an enlargement of the boxed areas 
in panels D and E. The yellow arrows in panel G indicate the endothelial cells stained 
for Tcfl in the portal area. Tcf4 expression pattern is shown in panels H to L. Panel 
II is a general overview. Panels I and J show details of the of the central and portal 
area, respectively. Panels K and L are an enlargement of the boxed areas in panels I 
and J. The yellow arrows in panel L indicate the endothelial cells stained for Tcf4 in 
the portal area. Scale bar: 50).im. 
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< 
Figure 6. Portal-central gradient measurements. Figure 6 Panel A shows the portal-central gradient 
for GS (light blue, diamonds). PEPCK (light red. squares), and P-calenin (green, triangles). GS and 
PEPCK. are in the expected gradient range and P-catenin protein is equally distributed along the portal-
central axis. Panel B shows the gradients measured for Tcfl (red line, squares). Tcf3/4 (red line, 
diamonds) and 4 (red line, triangles) and Lef-1 (blue line, circles) The Lef-1 protein shows a shallow 
central gradient whereas all Tcfs proteins are in a shallow portal gradient. Position of the hepatocytes is 
mapped to a relative porto-central axis (0 = central. 1 = portal). Gene expression is displayed as 
Fluorescence intensity, which is linear to the concentration of the respective mRNA's. Values are 
corrected for technical background Scaling max to 100. 
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Figure 7. Expression of GS and Lef/Tcf transcription factors family in 
the adult liver sinusoids. Immunofluorescent staining for CiS (A), Tcf 3/4 
(B), Tcf 1(C) and Tcf 4 (D). All sections are from portal areas of adult 
liver. Nuclear stainig is shown with TOT03. Scale bar: 50mn 
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ABSTRACT 
Background & Aims: In adult liver, genes are expressed along a porto-central 
gradient. Previously, we identified Wnt-signaling as able to induce a pericentral 
phenotype upon fetal hepatocytes in culture. Because of their regulatory role in 
early liver development, we investigated fibroblast-growth factors, bone-
moiphogenetic proteins and insulin. Methods: Dose-response relations and 
interactions between FGFs, BMPs and insulin, and expression of the pericentral 
enzymes glutamine synthetase (GS) and ornithine aminotransferase (OAT), and 
the periportal enzyme carbamoylphosphate synthetase CPS) were established in 
primary cultures of fetal mouse hepatocytes. The role of [3-catenin was 
investigated using specific siRNAs and adenoviral overexpression in adult liver 
in vivo. Results: FGF-2 and -4 induce both GS and OAT, and repress CPS, but 
in vivo only FGF-2 co-localizes with GS, also in (3-catenin-treated mice. 
Insulin and BMP-2 and -4 upregulate GS, but are without effect on OAT. The 
combination of FGFs with insulin or BMPs suppresses GS expression. 
Conclusions: Both FGF-2 and -4 stimulate the expression of GS and OAT, and 
suppress that of CPS at physiological concentrations in a (3-catenin-dependent. 
dominant manner. The differential effects of FGFs, BMPs and insulin on the 
expression of pericentral enzymes may account for the positive diameter and 
the steepness of pericentral enzyme gradient s in the liver in vivo. Since FGF-2 
activates (3-catenin and [3-catenin upregulates FGF-2 expression, an 
autoregulatory positive feedback loop may exist 

66 



FGF-2 and FGF-4 induce pericentral phenotype 

I N T R O D U C T I O N 

In adult liver, genes are expressed along a porto-central gradient. Using the 
cellular concentration of enzymes as a parameter, two subpopulations of 
hepatocytes can therefore be recognized, viz. those around the terminal 
branches of the afferent portal vein ("periportal" hepatocytes) and those around 
the terminal branches of the efferent hepatic vein ("pericentral" hepatocytes). 
Good examples of enzymes that are found in a gradient along the portal-central 
axis are carbamoylphosphate synthetase (CPS), phosphoenolpyruvate 
carboxykinase (PEPCK) and glutamine synthetase (GS), ornithine 
aminotransferase (OAT). CPS and PEPCK are expressed around the portal 
veins and GS and OAT show a steep central gradient (Andersen et al, 1983; 
Gaasbeek Janzen et al, 1984; Gebhardt and Mecke, 1983; Kuo and Darnell Jr, 
1991). Many aspects of hepatic metabolism can only be understood in the 
context of "metabolic zonation" which defines the mostly complementary 
functions of the hepatocytes in the upstream (portal) and downstream (central) 
zones of the liver. Accordingly, it is generally accepted that the homeostatic 
function of the liver depends on this functional complementation (Jungermann 
eta/., 1989; Meijer et al, 1990; Gebhardt, 1992). 

The molecular mechanisms that underline the zonal pattern of gene 
expression in the adult liver still need to be unravelled. Although the 
delineation of the DNA regulatory elements that are responsible for the 
expression of typical periportal and pericentral enzymes is steadily advancing, 
much less is known about the extracellular signals that mediate activation of 
these regulatory elements. A likely source of such signals is the unidirectional 
flow of blood through the sinusoids of the liver, but the hypothesis that the 
continuous exchange of metabolites between the blood and the hepatocytes 
results in gradients in composition of the blood, and that these gradients could 
result in differential gene expression along the portal-central axis (Christoffels 
et al, 1999), still needs to be proven. A recent breakthrough in identifying 
potential players involved in zonal expression of genes in adult liver was the 
finding that adenoviral overexpression of (i-catenin, the key component of the 
canonical Wnt pathway, greatly expands the pericentral expression domain 
(Cadorete/a/., 2001). 

Metabolic zonation in the liver arises towards the end of fetal 
development (Gaasbeek Janzen et al, 1987; Lamers et al., 1987; Notenboom et 
al.. 1997). Previously, we showed that the hormonal regulation of the 
expression of the periportal enzymes CPS and PEPCK in cultures of fetal rat 
hepatocytes was identical to that observed in postnatal hepatocytes (van Roon 
et al, 1988; Lamers et al, 1984). We recently showed that the canonical Wnt-
3a and. to a lesser extent, Wnt-2b were able to induce both GS and OAT 
expression in a p-catenin-dependent fashion in primary cultures of fetal mouse 
hepatocytes (Kruithof-de Julio et al, (chapter 3). Primary cultures of fetal 
hepatocytes are therefore a convenient tool to test possible candidates that 
regulate the expression of both periportal and pericentral enzymes.We now 
report that fibroblast-growth factors (FGF)-2 and -4 induce the pericentral 
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enzymes GS and OAT in this model system and suppress the expression of the 
periportal enzyme CPS, suggesting that these FGFs have a dominat effect on 
the hepatocellular phenotype. We show that both these growth factors require a 
functional (3-catenin pathway. We also report that insulin and, to a lesser extent, 
bone-morphogenetic proteins (BMP)-2 and -4 induce GS. but not OAT. 
Together, these findings suggest that these growth factors play a decisive role 
in the development and maintenance of zonal expression of genes in the liver. 
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MATERIAL and METHODS 

Animals 
FVB mice were purchased from Charles River (Maastricht, The Netherlands) 
and maintained on a 12-hour light/12-hour dark cycle with free access to water 
and food. Pregnant females were sacrificed 13 to 17 days after the detection of 
a vaginal plug (ED 13 - ED 17). The study was performed in accordance with 
the Dutch guidelines for the use of experimental animals. 

Culture of fetal hepatocytes and hepatoma cells 
Fetal hepatocytes were isolated as described (Spijkers et al, 2000), 
resuspended in culuire medium (William's medium E (Gibco. Breda, The 
Netherlands) supplemented with penicillin (50U/mL), streptomycin (50u,g/mL), 
10% newborn calf serum (NCS, Gibco), 0.1 uM dexamethasone (Centrafarm, 
Etten Leur, The Netherlands) and 2mM glutamine (Gibco), and seeded at one 
liver per 6-well plate. The non-adhering hematopoietic cells were washed away 
after 2-3 hours of culture with prewarmed medium. The remaining cells were 
harvested after 48 hours of treatment. FT02B rat hepatoma cell lines were 
cultured in DMEM/F12 (Gibco) supplemented with 10% FCS (Gibco). 

RNA extraction, cDNA synthesis and qPCR 
After detaching the cells with 0.2% trypsin, total RNA was extracted with the 
RNeasy mini RNA-isolation kit (Qiagen, Leusden, The Netherlands). 
Contaminating genomic DNA was eliminated with RQ1 RNase-free DNasel 
(Promega, Leiden, The Netherlands). First strand cDNA synthesis from total 
RNA. and PCR amplification and quantification using the LightCycler™ with 
software version 3.0 (Roche, Almere, The Netherlands) were carried out as 
described (Lekanne dit Deprez et a/., 2002). Primers, annealing temperature 
and Mg concentrations are reported in Table 1. When reverse transcriptase was 
omitted, a product never formed before cycle 30. mRNA levels were calculated 
relative to 18S RNA. Calculations were performed with our real-time PCR data 
analysis program (Ramakers et al, 2003). 
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Gene Primer sequence (5'-> 3') Temp (°C) MgCI2(mM) 

Glutamine synthetase F G G C T T C C G G T T A T A C T T G 55 3 
R T G G C C A C C T C A G C A A G T T 

Ornithine aminotransferase F C C G A A T T G C C A T T G C G 5 8 4 
R A G C C C G T T A T C T C G A A G 

Carbamoylphosphate F C T A C A T C A G A C T G G C T C A A 

sythetase R T T G G T G A G G A G A G C A A T 58 

Chloraminphenicol F. G A G G C A T T T C A G T C A G T T G C 
^_^t.u.__-f o. T A n A A A n r n r r e ^ f i A A A T r n T r ' ÖU acety (transferase R T A G A A A C T G C C G G A A A T C G T C 4 

Luciferase F I C A G T C A A G T A A C A A C C G C G A 5 8 3 
R C T C T G A T T T T T C T T G C G T C G A 

18SribosomalRNA F T T C G G A A C T G A G G C C A T G A T 5 8 3 
R : C G A A C C T C C G A C T T T C G T T C T 

Phosphoenolpyruate F G C C A A G C T C A C G C C C A T C 5 8 3 
ca rboxy lase R C T C A C A T T G T G C C G C T A T 

|)-catenin F A C A C A T G A A C A T C T C C T T C C A A G G T 55 15 
R G A G A C T G C A G A T C T T G G A C T G G A C A 

Table 1. Sequences, annealing temperature and MgCN concentrations used for 
determining the reported mRNA concentrations. 

Immunohistochemistry 
The hepatocyte cultures were rinsed with Hank's salt solution and fixed at 4°C 
for 10 minutes in an ice-cold mixture of methanol/acetone/water (2/2/1, v/v) 
(Spijkers et al., 2000). Adult mouse livers and embryos were dissected, fixed 
overnight in 4% formaldehyde, embedded in paraffin and sectioned at 7um 
thickness. Thereafter, sections were deparaffinized, hydrated in graded ethanols 
and PBS, autoclaved for 5 min at 120°C in lOmM Na-citrate (pH 6.0) to 
retrieve epitopes and to inactivate endogenous alkaline phosphatase, and 
allowed to cool down at room temperature. Antibody binding was visualized 
using alkaline phosphatase- (AP) or fluorescence-coupled second antibodies. 

For visualization with alkaline phosphatase (AP), the sections were then 
blocked in Teng-T (10 mM TrisHCl, 5 mM, EDTA, 150 mM NaCl, 0.25% 
(w/v) gelatin and 0.05% (v/v) Tween-20, pH 8.0)/10% NCS for 30 min at room 
temperature and incubated overnight with the first antibody diluted in Teng-
T/10%NCS (polyclonal anti-FGF-2 (1:100) or anti-FGF-4 (1:50) (Santa Cruz, 
Heerhugowaard. the Netherlands): (monoclonal anti-glutamine synthetase (GS: 
1:1,000: Transduction Laboratories, Lexington, KY). After washing, the 
sections were incubated with a 1:50 dilution of rabbit anti-goat IgG-AP in 
Teng-T/10%NCS (Sigma, Zwijdrecht. The Netherlands)) for the FGFs and a 
1:100 dilution of goat anti-mouse IgG-AP in Teng-T/10%NCS (Sigma) for GS, 
washed again and incubated with AP substrate (NBT/BCIP) as described 
(Spijkers et ai, 2000) for approx. 30 min. 
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For fluorescent visualization, deparaffinized and boiled sections were 
blocked in Teng-T, and incubated overnight with the first antibody diluted in 
PBS (polyclonal anti-FGF-2 (1:100) or anti-FGF-4 (1:50) (Santa Cruz, 
Heerhugowaard, the Netherlands); and monoclonal anti-GS (1:1.000) 
(Transduction Laboratories). The PEPCK antibody was generated in rabbits 
using the synthetic peptide comprising amino acids 385-399 (N-
SWKNKEWRPQDEEPC-C) as antigen (Eurogentec, Liege, Belgium) and used 
in a dilution of 1:1,000 (Christ et ai, 1988). Antibody binding was visualized 
using ALEXA488 and ALEXA568 fluorescent antibodies (Molecular Probes. 
Breda, The Netherlands). Nuclei were visualized with TOT03 (1:5000 in PBS: 
Molecular Probes). The sections were analyzed with a by Biorad MRC1024 
confocal laser scanning microscope (Veenendaal, The Netherlands). 

In situ hybridization 
Pretreatment of the sections, and the hybridization and washing steps were 
performed as described (Moorman et at., 2000). Briefly, labelled cRNAs 
corresponding to nucleotides 235-1260 of the GS cDNA (van de Zande et ai. 
1990), and full-length cDNA of BMP-2 and -4 were synthesized using 
[35S]UTP, [3SS]CTP and T7 RNA polymerase (Promega, Leiden, The 
Netherlands). Sections were exposed for 21 days and developed for 8 minutes. 

RNA oligonucleotides 
The P-catenin small-interfering (si) RNA oligonucleotide (HPP grade) was 
purchased from Qiagen (sense strand: 5' 
GUAGCUGAUAUUGACGGGCdTdT-3'). The sense and antisense strands 
were resuspended in lOOmM K-acetate, 30mM HEPES-KOH (pH 7.4) and 
2mM Mg-acetate. To disrupt aggregates, the oligonucleotides were heated for 1 
minute at 90°C and incubated at 37°C for one hour prior to use. A scrambled 
siRNA oligonucleotide (sense strand: 5' 
UGGACUGAUACUGUCGGCGdTdT-3') was used as a control. Silencing 
was validated by PCR and Western-blot analysis (data not shown). 

Transfection of RNA nucleotides 
Hepatocytes were isolated and seeded in medium without antibiotics and 
serum. After two hours, the cultures were washed with pre-warmed medium 
and transfected with P-catenin siRNA oligonucleotides (final concentration 
50nM), using Oligofectamine as prescribed by the manufacturer (Invitrogen, 
Breda. The Netherlands). After 4 hours, the medium was changed to normal 
culturing medium. After 48 hours, total RNA was extracted for mRNA 
quantification as described. 
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Signal-transduction molecules and inhibitors 
FGF-2, -4, -8 and -10 were obtained from PeproTech Inc (London, UK), 
recombinant mouse (rm)Wnt-3a from R&D Systems (Uithoorn, The 
Netherlands), and insulin and dexamethasone from Sigma, while BMP-2 and -4 
were a kind gift from Genetics Institute (Cambridge, MA, USA). Wnt3a was 
dissolved in sterile PBS supplemented with 0.1% BSA, while the other 
recombinant proteins were dissolved in water. The FGF-receptor inhibitors 
SU5402 and SU4984 (Calbiochem, Ober der Roth, Germany) were dissolved in 
DMSO and added to the fetal primary hepatic cultures at a concentration of 
100ug/mL. As a result, the hepatic cultures contained 0.01% DMSO. The 
hepatocyte cultures were stimulated with FGF-4 (50ng/mL) 5 min after adding 
the inhibitor. After 48 hours, total RNA was extracted for mRNA quantification 
as described. 

Adenoviral gene transfer 
Mice were injected intravenously with 5xl09 plaques-forming units of the 

adenoviral constructs AdGFP and Adp-catS37A (Young al. 1998) and 
sacrificed 5 days later. 

RNA oligonucleotides and transfection of hepatocytes 
The P-catenin small-interfering (si) RNA oligonucleotide (HPP grade) was 
purchased from Qiagen (sense strand: 5'-
GUAGCUGAUAUUGACGGGCdTdT-S'). The sense and antisense strands 
were resuspended in lOOmM potassium acetate, 30mM HEPES-KOH (pH 7.4) 
and 2mM magnesium acetate, heated for 1 minute at 90°C to disrupt 
aggregates, and incubated at 37°C for one hour prior to use. A scrambled 
siRNA oligonucleotide (sense strand: 
S'-UGGACUGAUACUGUCGGCGdTdT^') was used as a control. After 
washing the attached hepatocytes free of non-adhering cells, they were 
transfected with P-catenin siRNA oligonucleotides, using Oligofectamine as 
prescribed by the manufacturer (Invitrogen). After 4 hours, the medium was 
changed to normal culturing medium and. if applicable, co-cultivation with 
transfected 293T cells was started. The medium was refreshed after 24 hours. 
Total RNA was isolated and processed as described. Silencing was validated by 
Western blot and PCR analysis (data not shown). 

Measurement of porto-central gradients in gene expression 
Porto-central gradients in gene expression were quantified exactly as described 
(Ruijter et al., 2004). The positions of the terminal branches of the portal and 
central veins were determined using the images of PEPCK and GS expression. 
The portal and central skeletons derived from the PEPCK and GS positive 
areas were used to construct a relative distance map that served to determine 
the porto-central position every hepatocyte in the image. Hepatic gene 
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expression of PEPCK, GS, and FGF-2 as determined with 
immunohistochemistry, were mapped to this relative porto-central axis. 

Statistical analysis 
All treatments and combination of treatments were tested with one-, two- or 
three-way analysis of variance (ANOVA) using the SPSS package (version 
11.5.1; SPSS Inc., Chicago, IL, USA). In case of significant treatment 
interactions in two- or three-way ANOVA, the test was repeated with one- and 
two-way ANOVA, respectively, for the different levels of the second or third 
treatment. All results are presented as mean (± SEM) per treatment 
combination. Systematic differences between measured sessions were removed 
using log-transformed values and the General Linear Model (GLM)-ANOVA 
without interaction (SPSS). 
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RESULTS 

Accumulation of GS in hepatocytes upon treatment with FGF-2, -4, -8, or -
10 
We initially observed that exposure of cultures of fetal mouse hepatocytes to 
heparin (lug/mL) induced GS expression (Figure 1, panels A and B). Because 
heparin facilitates signal transduction via FGFs (Powers et al, 2000), the fetal 
hepatocyte cultures were exposed to several recombinant FGFs (50ng/mL 
each). Figure 1, panics C to F, shows that after 48-hour exposure, FGF-2 and -4 
did stimulate the accumulation of GS protein, whereas FGF-8 and FGF-10 
were without effect. The absence of nuclear staining is a tissue-intrinsic quality 
criterion for the immunohistochemical demonstration of GS, a purely cytosolic 
protein. 

Figure 1. FGFs and glutamine-synthetase protein accumulation in primary cultures of fetal 
mouse hepatocytes. ED15 hepatocytes were cultured in the absence (control) or presence of heparin, 
FGF-2, FGF-4," FGF-8. or FGF-10 for 48 hours. Heparin was added at lug/mL and the FGFs at 
50ng/mL. O.luM dexamethasone was present in all cultures. GS expression was visualized by 
immunohistochemistry. Note the absence of nuclear staining, a tissue-inlrinsic quality criterion. 

Specificity and sensitivity of FGF-2 and -4 induced gene expression 
To investigate whether the observed effects of FGF-2 and -4 are specific for 
GS, we assessed the effects of FGF-2 and -4 on OAT. another pericentrally 
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expressed enzyme, and on CPS and PEPCK, two periportally expressed 
enzymes. Figure 2 shows that both FGFs induced GS and OAT and repressed 
the expression of CPS, which is intrincally high in these cultures. The Figure 
further shows that the effects of both FGFs were maximal at 50-100ng/mL, 
FGF-4 being slightly, but significantly (PO.01 for GS and OAT) more potent 
than FGF-2. To confirm that PEPCK was inducible in primary cultures of fetal 
mouse hepatocytes as it is in those of fetal rats (Roon et ai, 1988) we also 
assessed the effects of dexamethasone and cyclic AMP. When added together, 
these factors did induced modest levels of PEPCK. but different from fetal rat 
liver, to modest levels only (relative mRNA level: 7 ± 1 (cf. Figure 2 for 
comparable levels)). 

Dexamethasone is a strong inducer of CPS expression in both fetal 

ng/mL 500 

Figure 2. Dose-response relation between FGF-2 (A) and -4 (B) concentration in the medium and GS 
(0), OAT (L), CPS (A), and PEPCK (O) mRNA levels in primary cultures of fetal mouse hepatocytes. 
0.1 uM dexamethasone was present in all cultures. mRNA levels were normalized to 18S rRNA. For 
FGF-2, n=12 for Ong/mL and n=l for all other concentrations. For FGF-4. n=12 for Ong/mL, n=5 for 
25ng/mL, n=l 1 for 50ng/mL. and n=l for all other concentrations. 

hepatocytes (Roon et ai, 1987; Lamers et ai, 1984) and FT02B hepatoma 
cells (Christoffels et ai, 1995). Figure 3A shows that 48 hours of exposure to 
0.1 uM dexamethasone induced CPS mRNA levels 4-5-fold in both fetal mouse 
hepatocytes and FT02B rat hepatoma cells, whereas FGF-4 did not affect basal 
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CPS expression in either cell type. However, FGF-4 completely suppressed the 
dexamethasone-induced elevation of CPS, suggesting that this FGF actively 
suppresses periportal gene expression. 

40 

oligofectamlne 

p-catenin siRNA 

scrambled siRNA 

Figure 3. Expression of hepatocyte-specific genes in primary cultures of fetal mouse hepatocytes. 
mRNA levels were normalized to 18S rRNA. Panel A shows CPS mRNA levels in ED 15 hepatocytes 
(black bars) and in FT02B-hepatoma cells (grey bars), both cultured in the presence or absence of 
dexamethasone (0.1 uM) and FGF-4 (50 ng/mL). Number of independent experiments with primary 
hepatocytes: n=6 for controls, n=12 for addition of dexamethasone only. n=2 for FGF-2 only, and n=l 1 
for dexamethasone and FGF-4 added: number of independent experiments with FT02B cells: n=2 for 
all conditions. Panel B shows the effect of the p-caten in-specific siRNA oligonucleotides on the FGF-4-
induced (50ng/mL) mRNA levels of GS (black bars) and OAT (grey bars). 0.1 uM dexamethasone was 
present in all cultures. Number of independent experiments: n=4 for oligofectamine only. n=2 for 
scrambled siRNA, n=4 for p-catcnin-specific siRNA. and n=3 for controls. Panel C shows the GS 
(black bars) and OAT (grey bars) mRNA in fetal hepatocytc cultures after adding lOOpg/mL of SU5402 
or SU4084 followed 5 minutes later by addition of 25ng/mL FGF-4. Number of independent 
experiments: n=13 for controls, n=l 1 for addition of FGF-4, and n=2 for addition of each of the 
inhibitors. Panel D shows the effect of BMP-2 or -4 (50ng/mL) on GS mRNA levels in primary 
hepatocytes cultured in the presence or absence of FGF-4 (25ng/mL) and/or dexamethasone (0.1 u,M). 
Number of independent experiments without BMPs (grey bars): n=6 for controls, n=12 for addition of 
dexamethasone only. n=2 for addition of FGF-4 only, and n=5 for dexamethasone and FGF-4: and with 
BMPs (black bars): n=2 each for the addition of either BMP-2 or -4, either BMP-2 or -4 and 
dexamethasone. either BMP-2 or -4 and FGF-4. and either BMP-2 or -4, dexamethasone. and FGF-4. 
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FGF-4 induction of pericentral genes requires p-catenin 
We previously established (de la Costa et al, 1998; Cadoret et al, 2002) that 
P-catenin is involved in the expression of the pericentral enzymes GS and 
OAT. To establish whether the FGF-dependent induction of both enzymes also 
depends on P-catenin. we silenced P-catenin expression in cultured fetal 
hepatocytes. The P-catenin siRNA sequence we used almost completely 
eliminates p-catenin mRNA and protein (data not shown). Figure 3B shows 
that whereas a scrambled siRNA sequence did not affect either GS or OAT 
expression, the silencing of P-catenin with a specific siRNA did reduce the 
FGF-4-dependent induction of both GS and the OAT mRNA to levels seen in 
control cultures (P<0.01). The effect of FGF-2 on GS and OAT expression was 
similarly reduced when p-catenin was silenced (data not shown). 

SU5402 and SU4984 
In order to establish if the FGF receptor 1 mediates the effects of FGF-2 and -4, 
we employed receptor specific inhibitors. We used SU5402 to inhibits the 
tyrosine-kinase activity of the FGF-receptor-I (FGFR1) and SU4984 for the 
combined inhibition of FGFR1, PDGF receptor and the insulin receptor 
(Mohammadi et al, 1997). In Figure 3 (panel C) it is shown that the 
stimulating effect of FGF-4 (compare +/-) is not inhibited by any of the 
inhibitors employed. The contrary effect is observed, combination of FGF-4 
and SU5402 (n=2) stimulated both GS and OAT 3-fold (n=2; PO.01) whereas 
the combination of FGF-4 and SU4984 (n=2) only stimulated the expression of 
OAT 3-fold (P<0.01), but had no effect on GS expression. These data seem to 
rule out the FGFR1 as the receptor mediating the stimulatory effects of FGF-4. 
CPS was not influenced by the presence of the inhibitors and DMSO had not 
significant effect on the cultures of fetal hepatocytes. 

The effects of BMP-2 and -4 
Members of the Bone Morphogenetic Protein (BMP) family often antagonize 
FGF signaling (Niswander and Martin, 1993). To establish whether BMP-2 and 
-4 interfere with the effects of FGF-4 on GS and OAT expression, we cultured 
primary fetal hepatocytes in the presence of a non-saturating concentration of 
FGF-4 (25ng/mL) and added BMP-2 or -4 at 50 ng/mL in the presence or 
absence of dexamethasone (0.1 uM). Statistical analyses show that there is no 
difference between the effects of BMP-2 or -4 on GS expression, or on the 
elimination of the stimulation by FGF-4 (P>0.05). The data were, therefore, 
pooled and referred as BMP-2/4. In Figure 3D, the expression levels of GS are 
shown in the presence or absence of dexamethasone and in the presence (black 
bars) or absence (grey bars) of BMP-2/4. The addition of BMP-2 or -4 induces 
GS expression 2.5-fold, but only when dexamethasone is present. The same 
concentration of BMP eliminates the stimulatory effect of FGF-4 on GS 
expression. OAT, CPS and PEPCK where not significantly effected by the 
addition of the BMPs (data not shown). 
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The effects of insulin 
Insulin is a known hepatotrophic factor and plays an important role in liver 
function (Anad et al, 2002). We tested whether the presence or absence of this 
hormone, in combination with a suboptimal dose of FGF-4 influenced hepatic 
gene expression. Figure 4 shows the effects of different concentrations of 
insulin on GS expression. In the presence of dexamethasone, insulin increased 
GS expression in a dose-dependent manner up to a concentration of 10 ng/mL 
(~1.7nM), but the same concentration range of insulin gradually eliminated the 
stimulatory effect of a suboptimal concentration of FGF-4 (25ng/mL). 
However, insulin was not able to suppress stimulation of OAT expression by 
dexamethasone and FGF-4 (panel B). In the presence of dexamethasone, 
insulin itself had no effect on CPS expression and also did not affect the FGF-
4-dependent suppression of this gene (panel C). As expected (Barthel and 
Schmoll, 2003), insulin suppressed whatever expression of PEPCK was present 
in fetal hepatocytes (panel D). To assess whether the presence of 
dexamethasone had affected these results, this hormone was omitted (Table 2). 
The effects of FGF-4 and the interaction with insulin were not different for the 
expression of GS, OAT and PEPCK. but apparently, insulin does not need the 
simultaneous presence of dexamethasone to dose-dependently stimulate CPS 
expression. 
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Figure 4. Dose-response relation between insulin concentration in the medium and GS (0), OAT (0), 
CPS (A), and PEPCK (O) mRNA levels in primary cultures of fetal mouse hepatocytes in the absence 
(dashed grey lines) or presence (black lines) of FGF-4 at the suboptimal dose of 25ng/mL. The 
expression levels of the mRNAs were normalized to 18S rRNA. All experiments were carried out in the 
presence of 0. luM dexamethasone. Number of independent experiments: n=5 for controls, n=2 for 
insulin added at 5ng/mL and 10ng/mL. and n=l for insulin added at 30ng/ml_; when FGF-4 was present 
at 25ng/mL, n=13 for insulin added at Ong/mL, n=3 for insulin added at 5ng/mL. and n=l for insulin 
added at 1 Ong/mL or 30ng/mL. 

n=l Insulin (ng/ml) 
Relative mRNA 

GS OAT CPS PEPCK 
0 

5 

10 

30 

3 
35 
36 
26 

4 
2 
1 
1 

7 
50 
68 
69 

2 
n.d. 

n.d. 

n.d. 

Insulin (ng/ml) + FGF-4 (25 ng/ml) GS OAT CPS PEPCK 

0 

5 

10 

19 
16 
32 

14 
4 
6 

0 
10 
10 

n.d. 

n.d. 

n.d. 

n.d. not detectable 

Table 2. Dose response relation of liver gene expression. FGF-4 and insulin in the absence of 
dexamethasone (n=l). 
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ED14 ED15 ED17.5 

Figure 5. Expression of FGF-2 and -4 in fetal mouse tissues. Panels A-C were stained for FGF-2 and 
panels D-F for FGF-4. Both FGFs are expressed in the developing liver (Li), lungs (Lu), and duodenum 
(D). 

FGF- and BMP-expression patterns in the fetal and adult liver 
The expression pattern of FGF-2 and FGF-4 in fetal liver is shown in Figure 5. 
Both liver and lungs expressed FGF-2 and -4 at ED 14-17.5 (Figure 5). Figure 
6B,C shows the presence of FGF-2 and -4 protein in adult liver, whereas Figure 
6A shows the expression of GS around the central vein. The observed co-
localization of FGF-2 and GS expression in the hepatocytes surrounding the 
central veins was of great interest. FGF-4 expression in adult liver is, instead, 
weaker and present in a wide periportal zone. Figure 6D-F show GS and FGF-2 
and -4 expression in adult liver after injection of the constitutively active 0-
catenin-expressing adenovirus (Adp-catS37A). As we have previously seen 
(Cadoret et ah, 2001), GS expression in such livers is no longer confined to the 
rim of hepatocytes surrounding the central veins. FGF-2 expression in these 
livers follows that of GS, whereas FGF-4 expression levels increased, but 
remained periportal. In order to verify the average portal-central distribution we 
have measured the portal central gradient for PEPCK and GS and measured the 
gradient for FGF-2 (Figure 7). As shown in Figure 7 GA and PEPCK display 
the expected portal-central gradient directions and FGF-2 follows the GS 
distribution along the portal-central axis. 

We used in situ hybridisations on liver sections to establish the 
expression patterns of the BMPs (Figure 8). Both BMPs were detectable in 
fetal livers and were homogeneously expressed in adult liver. 
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Figure 6. Expression of FGF-2 and -4 in adult mouse liver. Panel A shows GS (A), FGF-2 (B), and 
FGF-4 (C) expression in normal mouse liver. Note near-identical expression pattern of FGF-2 and GS 
as opposed to the near-homogeneous periportal expression of FGF-4. Panels D-l show the change in GS 
and FGF expression after adenoviral-mediated (3-catenin overexpression in adult mouse liver. Panels D 
and G show that the pericentral and periportal distribution of GS and PEPCK. respectively, were lost. 
Under this condition, the expression pattern of FGF-2 remains identical to that of GS (E), whereas FGF-
4 retains its near-homogeneous periportal distribution, although the staining intensity was increased. 
Panels H and I show higher magnifications of panels E and F. respectively. Scale bar: 50pm. 
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Figure 7. Porto-central gradients of GS, FGF-2 and PEPCK protein in adult mouse liver. 
Whereas PEPCK levels (pink) decline from portal to central, those of GS (cyan) and FGF-2 (blue) 
increase towards the central veins, with FGF-2 levels increasing slightly more periportal than those 
of GS. Values are corrected for technical background Scaling max to 100. 

ED10 ED14 ED17.5 adult 
... 

H L 

BMP2 
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Figure 8. Expression of BMP-2 and -4 in fetal and adult mouse liver. BMP-2 (A-D) and BMP-4 
(E-H) mRNA levels at ED10 (A.E), EDI4 (B.F), ED17.5 (C,G). and adult liver (D,H) as visualized 
by in situ hybridisation. At EDIO. BMP-2 is expressed in the liver (L) and the atrioventricular canal 
(AVC) of the heart, whereas BMP-4 mRNA is present in the sinus venosus (SV) of the heart, but 
not yet in liver. At ED 14. BMP-2 is expressed in liver (L) and. more strongly, in the vertebral 
column (V), whereas expression of BMP-4 is still at background level. At ED 17.5, BMP-2 
expression in the liver has declined to background levels, but is now clearly identifiable in the 
pancreas (P). At this stage. BMP-4 expression in the liver is still low. but is expressed at easily-
detectable levels in the enterocytes of the duodenum (D). In adult mouse liver, both BMP-2 and -4 
are expressed homogeneously at easily detectable levels. 
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DISCUSSION 

Growth factors play a major role during embryogenesis and continue to do so 
in the adult. In the present study, we observed major effects of FGFs, BMPs, 
and insulin on both pericentrally and periportally expressed genes. Since the 
effects of both FGF-2 and -4 were not limited to the upregulation of the 
pericentrally expressed genes GS and OAT, but also caused the downregulation 
of the periportally expressed genes CPS and, albeit less easily demonstrable, 
PEPCK, our present study points to both FGFs as potential determinants of the 
porto-central zonation of gene expression that is so typical for postnatal liver. 

FGFs and liver gene expression 
Fibroblast growth factors (FGFs) are part of a family that by now includes 22 
members (Ortz and Itoh, 2001). Of the 4 FGFs tested, only FGF-2 and -4 were 
effective in inducing GS, whereas FGF-8 and -10 were without effect. 
Similarly, it was found that, FGF-2 but not FGF-8 was capable of replacing 
cardiac mesoderm as an inducer of liver gene expression during early liver 
development (Jung et at, 1999). Since FGF-4 was approx. 1.6-fold more 
effective than FGF-2 in inducing both GS and OAT, it was used in most 
experiments. Although both FGF-2 and -4 are well expressed in prenatal mouse 
liver, only FGF-2 shares the pericentral expression of GS and OAT in adult 
liver, whereas FGF-4 staining was highest periportally, with a shallow gradient 
towards pericentral (Figures 6 and 7). Likewise, it appears to be FGF-2 that 
plays a determining role in repressing periportally expressed genes in livers that 
overexpress (3-catenin (Figure 6). In postnatal liver in vivo, FGF-2 is therefore 
probably the FGF isoform that regulates pericentral gene expression. 

The finding that both FGF-2 and -4 exert similar effects yet have an 
opposite distribution in adult liver indicates that their effects depend on the 
distribution of their tyrosine-kinase receptors. In this respect, the near-identical 
distribution of GS and OAT on the one hand and FGF-2 and the FGF-receptor-
4 (FGFR4) on the other hand undoubtedly points to a functional role for the 
FGF-2-FGFR4 axis. However, FGF-2, -4, -8 and -10 were all shown to be able 
to activate transcription by binding to the FGF receptor-1 (FGFR1) as well 
(Coumoul and Deng, 2003). When we tried to assess whether FGFR1 can 
mediate the effects of FGF-2 or -4 in our model by using more or less specific 
synthetic inhibitors of FGFR1 signaling (Mohammadi et al, 1997), we 
unexpectedly observed a further 3-fold induction of GS (Figure 3C). A role of 
the solvent, DMSO. could be ruled out. Although this finding appears to 
suggest that yet other factors play an important quantitative role in GS 
expression, the finding that GS expression was also upregulated by addition of 
heparin to the medium (Figure 1) clearly underscores a critical role for FGFRs 
in mediating the effects of FGFs in our model. It is known that heparin 
facilitates the formation of high-affinity complexes between FGFs and their 
FGFRs (Powers et al, 2000). 
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Interaction between FGFs and P-catenin 
p-Catenin signaling plays an important role in the zonation of gene expression 
in the liver in vivo (Cadoret et ai, 2001). By silencing p-catenin expression in 
fetal hepatocytes, we could show that P-catenin signaling is a crucial step in the 
FGF-2 and -4-mediated upregulation of the pericentrally expressed GS and 
OAT genes. Similar to our present findings in hepatocytes, FGF-2 upregulates 
P-catenin-dependent gene expression in neural stem cells (Israsena et ai. 
2004). The mechanism underlying these findings appears to be the reduction of 
GSK-3p activity and, hence, the intracellular accumulation of P-catenin by 
FGF-2 (Holnthoner et ai. 2002). We further showed (Figure 6) that 
overexpression of p-catenin in adult liver also upregulates FGF-2 and -4 
expression. 

The adenoviral overexpression of P-catenin in mouse liver not only 
induced the expression of the pericentral enzymes GS and OAT, but also and in 
near-identical fashion, that of FGF-2. The transcription factor in the Wnt/p-
catenin signaling pathway that activates pericentral target genes is probably 
Lef-1 (van Noort el ai. 2002; Kruithof-de Julio chapter 3). Although it is not 
yet known whether FGF-2 is a target gene of Lef-1, FGF-4 is (Kratochwil et 
at, 2002). The finding that FGF-2 induces P-catenin-dependent gene 
expression in the liver (see previous paragraph) and that P-catenin itself 
upregulates FGF-2 expression suggests that an autoregulatory positive 
feedback loop may exist in the pericentral cells of the liver. If such a 
mechanism can be demonstrated, it may account for the steep gradients in 
expression of OAT and GS. 

Interactions between FGFs, insulin and BMPs 
Although all pericentral enzymes share their expression pattern, the pattern for 
each enzyme is unique in the diameter of the pericentral zone in which it is 
expressed and the steepness of its porto-central gradient of expression. To 
begin to address this problem, we investigated the modulatory effects of insulin 
and bone-morphogenetic proteins (BMPs) on the glucocorticoid and FGF 
induced expression of GS and OAT. Whereas both growth factors had 
unambiguous effects on the expression of GS, they did not affect OAT 
expression 

Insulin is a known hepatotrophic factor (Khamzina and Borgeat, 1998). 
Insulin was able to induce GS expression to the same level as the FGFs, but 
was unable to induce OAT (Figure 4, Table 2). It is known that insulin can 
inhibit GSK-3p activity via activation of protein kinase B (Barthel and 
Schmoll, 2003), but this mechanism appears unlikely since it does not account 
for the absence of an effect of insulin on OAT, which is sensitive to p-catenin 
signaling. Furthermore, it does not account for the observed insulin-dependent 
stimulation of CPS expression, since p-catenin signaling inhibits CPS 
expression. Even though both FGF-4 and insulin both induced GS expression, 
the effects were not additive and all stimulation disappeared when, in addition, 
dexamethasone was present. 
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The BMP and FGF pathways interact in various signaling systems, both 
in an antagonistic way as during limb formation (Niswander and Martin, 1993) 
and the regulation of the amount of cellular retinoic acid-binding protein 
(Means and Gudas, 1996), or in a synergistic way as during the formation of 
the heart primordium (Lough et al., 1996). Like insulin, BMPs affected GS and 
OAT differentially, having no noticeable effect of OAT. Separately. FGF-4 and 
BMP-2 or -4 were both able to induce GS expression in our hepatocyte cultures 
(Figure 3D), but in combination, these stimulatory effects vanished, indicating 
an antagonistic interaction between both growth factors. 
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ABSTRACT 

Background & Aims: In adult liver, adenoviral infection with the stable S37A 
[3-catenin mutant expands the expression of typical pericentral genes into the 
periportal domain and suppresses the expression of periportal enzymes. 
Methods: Reporter-gene expression in transgenic mice carrying parts of the 
glutamine-synthetase (GS) or carbamoylphosphate-synthetase (CPS) regulatory 
regions was used to delineate the DNA sequences responding to (3-catenin 
signaling. Furthermore, the distribution of (3-catenin and its nuclear co-factors 
of the Lef/Tcf family were visualized in control and (3-catenin-overexpressing 
livers. Results: The 244bp upstream enhancer fragment of the GS gene sufficed 
to confer the typical response to (3-catenin signaling upon a reporter gene. 
Although the 12Kb upstream region of the CPS gene responded properly to (3-
catenin signaling, the 469bp upstream enhancer fragment did not, locating its 
response element outside this sequence. The response to (3-catenin signaling 
was associated with nuclear translocation of (3-catenin and upregulation of Lef 1 
and FGF-2 expression in a similar fashion as GS and OAT, implicating them in 
the (3-catenin response. Conclusions: This study revealed that the pericentral 
and periportal phenotype of liver gene expression is determined by (3-catenin, 
acting via its downstream targets Lef 1 and FGF-2. 
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INTRODUCTION 

In adult liver, genes are expressed along a porto-central gradient. Hence, the 
cellular enzymic phenotype distinguishes the subpopulation of hepatocytes 
around of the afferent portal vein ("periportal" hepatocytes) from that around of 
the efferent hepatic vein ("pericentral" hepatocytes). Good examples of 
periportal enzymes are carbamoylphosphate synthetase (CPS; [EC 6.3.4.16]) 
(Gaasbeek et al., 1984) and phosphoenolpyruvate carboxykinase (PEPCK; [EC 
4.1.1.32]; (Andersen et al., 1983), whereas glutamine synthetase (GS; [EC 
6.3.1.2]) (Gebhardt and Mecke, 1983). and ornithine aminotransferase (OAT; 
[EC 2.6.1.23]) (Kuo and Darnell Jr. 1991) exemplify pericentral enzymes. 
Many aspects of hepatic metabolism can only be understood in the context of 
the mostly complementary functions of the upstream periportal and 
downstream pericentral hepatocytes ("metabolic zonation"). Accordingly, it is 
generally accepted that the homeostatic function of the liver depends on this 
functional complementation (Jungermann et til., 1995; Meijer et ai, 1990; 
Gebhardt 1992). 

The molecular mechanisms that underline the reciprocal aspects of the 
zonation of gene expression in postnatal liver still need to be unraveled. The 
unidirectional flow of blood through the sinusoids of the liver is a likely source 
of the extracellular signals that mediate the gene expression patterns that 
differentiate the upstream periportal hepatocytes from the downstream 
pericentral hepatocytes (Jungermann et ai, 1996; Jungermann et al..2000), but 
the identity of these signals remains to be established. Furthermore, with a few 
exceptions (Christoffels et al, 2000), the DNA-regulatory elements that are 
responsible for the periportal or pericentral expression of a gene still need to be 
identified. A recent breakthrough in identifying potential players involved in 
zonal expression of genes in adult liver was the finding that adenoviral 
overexpression of P-catenin, the key component of the canonical Wnt pathway, 
greatly expands the pericentral expression domain (Cadoret et al, 2002). 

In the present study, we infected transgenic mice carrying both large and 
small, well defined fragments of the regulatory sequences of the GS and CPS 
genes (Lie-Venema et al, 1995; Christoffels et al., 1996; Christoffels et al, 
2000), (Kruithof-de Julio, chapter 2) to delineate the target sequences of P-
catenin signaling that are relevant for the development and maintenance of 
metabolic zonation in the liver. For this purpose, we used the adenovirally 
mediated p-catenin overexpression model used earlier to demonstrate the role 
of p-catenin in mediating a pericentral phenotype in periportally localized 
hepatocytes (Cadoret et al. 2002). We confirmed that P-catenin signaling 
induced a pericentral phenotype in periportal hepatocyte and simultaneously 
suppressed the periportal phenotype in these cells. These effects were mediated 
via the well-characterized 244bp upstream enhancer of GS. but were localized 
outside the 469bp upstream enhancer of CPS. The findings also shed new light 
on the regulation of metabolic zonation in the liver, because the induction of 
pericentral gene expression could be correlated with a nuclear accumulation of 
P-catenin and higher cytoplasmic levels of transcription factor Lefl. P-Catenin-
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dependent FGF-2 expression was probably responsible for the dominant-
negative effects of P-catenin signaling on periportal gene expression. 

MATERIAL and METHODS 

Transgenic Animals. 
To analyze the role of the regulatory regions of the GS and CPS gene in the P-
catenin signaling pathway, thé GS-UR, GS-UE2, CPS-UR and CPS-UE1 
transgenic mice were used. In the GS-UR line (earlier referred to as GSL (Lie-
Venema et al, 1995)) the CAT reporter is driven by 3.15Kb of the upstream 
region of the GS gene including the upstream enhancer (located at -2500bp 
relative to the transcription-start site). The GS-UE2 transgenic line contains the 
244bp the upstream enhancer fused to the GS promoter at position -965, and 
the first and second exons fused at the translation-start site to the luciferase 
reporter gene (Garcia de Veas Lovillo et al. 2000). The CPS-UR line contains 
the 12Kb upstream region of the CPS gene (including the enhancer at -6.3Kb) 
fused to the CAT reporter (earlier referred to as CPSL (Christoffels et al, 1996). 
while the CPS-UE1 line (earlier referred to as line G (Christoffels et al, 2000) 
contains the 469bp upstream enhancer region fused to the promoter at position 
-161 bp and the luciferase reporter starting at position +138bp. 

The mice were maintained on a 12-hour light/12 hour dark cycle with 
free access to water and food. Young adult mice of 8 weeks old were used. The 
study was performed in accordance with the Dutch and French guidelines for 
the use of experimental animals. 

Adenoviral gene transfer. 
The mice were intravenously injected with 5xl09 plaques-forming units of the 
adenoviruses AdGFP or Adp-catS37A (Young et al, 2003), and sacrificed 5 
days later. 

In situ hybridization. 
The livers of mice were fixed overnight in 4% formaldehyde that was freshly 
prepared in phosphate-buffered saline. Following histological processing and 
embedding, serial sections (7 urn) were cut. Adjacent sections were stained by 
in situ hybridization with [~°S]CTP-labelled cRNA probes of glutamine 
synthetase (GS, nucleotides 235-1260 of the cDNA; (van de Zande et al, 
1990). phosphoenolpyruvate carboxykinase (PEPCK, full-length cDNA; (Yoo-
Warren et al, 1983). ornithine aminotransferase (OAT, full-length cDNA; 
(Miickler et al, 1985), carbamoylphosphate synthetase (CPS, 564bp 
BamHI/Smal fragment; (deGroot et al, 1986) and double-labelled [35S]UTP-
[35S]CTP chloramphenicol acetyltransferase (CAT, 1065bp Ksp632I/HinDlII 
fragment; (van den Hoff et al, 1995) and luciferase (Luc, HinDIIl-linearized 
fragment from pSPluc- (Promega Benelux, Leiden, The Netherlands), exactly 
as described (Moorman et al, 2000). The sections were simultaneously 
processed under well-defined conditions allowing comparison of the various 

92 



(3-Catenin determines reciprocal expression 

stainings directly. Image acquisition, processing and analysis were exactly as 
described recently (Ruijter et a/., 2004). 

Immunohistochemistry. 
Immunostainings were performed on 7 urn sections of formaldehyde-fixed, 
paraffin-embedded liver. After antigen retrieval by boiling in lOmM Na-citrate 
(pH 6.0), the sections were blocked in Teng-T (10 mM Tris, 5 mM EDTA, 150 
mM NaCl, 0.25% (w/v) gelatin and 0.05% (v/v) Tween-20, pH 8.0). Primary 
antibodies that were used in this study are mouse anti-GS (1:1000. 
Transduction Laboratories, Lexington, KY), rabbit anti-PEPCK (1:1000; 
generated using the synthetic peptide N-SWKNKEWRPQDEEPC-C (amino 
acids 385-399) as antigen (Eurogentec, Liege, Belgium), mouse anti-P-catenin 
(1:100, Santa Cruz, Heerhugowaard, The Netherlands), rabbit anti-Lefl ((C-19; 
1:10), and mouse anti-Tcfl (1:100), anti-Tcf3/4 (1:100), anti-Tcf4 (1:100). all 
from Santa Cruz. Antibody binding was visualized using goat anti-mouse 
ALEXA488 and goat anti-rabbit ALEXA568 fluorescent antibodies (Molecular 
Probes. Breda, The Netherlands). Nuclei were shown by TOT03 staining 
(dilution 1:5000 in PBS; Molecular Probes). Sections were analyzed by 
confocal laser-scanning microscopy (Biorad MRC1024, Veenendaal, The 
Netherlands). For the indirect immunological stainings with alkaline 
phosphatase (rabbit anti-goat-IgG-AP) or Alexa488-fluorescent antibody, 
sections were blocked with 10% normal goat serum diluted in Teng-T. 

RESULTS 

Adenoviral overexpression of P-catenin expands the pericentral expression 
domain 

As shown in Figure 1 (panels A, D, G, J), the pericentral enzymes glutamine 
synthetase (GS) and ornithine aminotransferase (OAT) and the periportal 
enzymes carbamoylphosphate synthetase (CPS) and phosphoenolpyruvate 
carboxykinase (PEPCK) are present in adult liver in a complementary and 
largely exclusive manner, the distribution of OAT and CPS being slightly 
wider than that of GS and PEPCK. Adenoviral overexpression of green 
fluorescent (GFP; Figure 1, panels B, E, H, K) did not affect these 
distributions, although the hybridization signal of all mRNAs was markedly 
diminished. As reported earlier (Cadoret et al., 2002), adenoviral 
overexpression of the stable (3-catenin mutant (3-catS37A did greatly expand the 
expression of GS and OAT outside their pericentral domain and into the 
periportal domain (Figure 1, panels C, F). Interestingly, the number of 
hepatocytes in these livers that express OAT was lower than the number that 
expressed GS. At the same time, the expression of PEPCK and CPS became 
restricted to a few scattered cells in the periportal area (Figure 1, panels I, L). 
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Non infected Ad.GFP Ad.|3-catS37A 

Figure 1. Expression of pericentral and periportal enzymes in the liver of adenovirus-
infected mice. Five days after infection with AdGFP (B, E. H, K) or Adp-catS37A (C, F , I, L), 
serial sections were analysed by in situ hybridisation for the presence of GS (A-C). OAT (D-F). 
PEPCK (G-I) and CPS (J-L) mRNA. Sections A. D, G, J were from non-infected mice. 
Overexpression of the stable (3-catenin mutant S37A caused a major increase in hepatocytes 
expressing GS and OAT, and a major decrease in the number of hepatocytes expressing PEPCK 
and CPS. P: portal vein; C: central vein. 
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Sequences in the upstream regions of GS and CPS that mediate the effects 
of p-catenin signaling in the liver 
To delineate the regulatory regions within the GS and CPS genes that mediate 
the effects of P-catenin signaling in the liver, we analyzed the expression of 
reporter genes in transgenic mice that are driven by regulatory elements of the 
GS or CPS genes. As expected (Lie-Venema,H et oi, 1995), the CAT reporter 
gene in the GS-UR transgenic line, which harbors the immediate 3.15Kb 
upstream region of the GS gene, including its enhancer at -2.5Kb, remained 
correctly expressed in the pericentral hepatocytes when the animals were 
infected with AdGFP (Figure 2, compare panels A, B). Delimiting the upstream 
enhancer to a 244 bp AjUII-Afllll fragment still conferred a proper pericentral 
expression upon the reporter gene (Figure 2, compare panels C, D; cf. Chapter 
2). Transgenic mice carrying a construct identical to GS-UE2 except for the 
presence of the 244bp enhancer element never gave detectable reporter-gene 
expression (data not shown), showing that the 244 bp fragment is instrumental 
both in enhancing GS expression and in conferring the proper expression 
pattern. Both the GS-UR (Figure 2, compare panels I and J) and GS-UE2 
(Figure 2, compare panels K and L) transgene respond to adenoviral 
overexpression of P-catenin with a major expansion of their expression into the 
periportal domain. 

The CPS-UR transgene, which harbors the immediate 12Kb upstream 
region of the CPS gene, including its enhancer at -6.3 Kb, also produced the 
expected expression of the CAT-reporter gene in the periportal region when the 
animals were infected with the AdGFP virus (Figure 2, panel J; Christoffels et 
ai, 1996). The CPS-UE1 transgene, which contains the 469bp enhancer 
element of the CPS gene, also produced periportal expression of the luciferase 
reporter gene (Figure 2H; Christoffels et ah, 2000). After injection of the Adp-
catS37A adenovirus into these transgenic mice, most periportal hepatocytes 
discontinued to express CPS (Figure 2N, P). Although transgenic CAT 
expression mirrored the response of the endogenous CPS gene (Figure 2M), the 
response of luciferase was indeterminate (Figure 20), suggesting that the 
response element of P-catenin signaling was located outside the upstream 
enhancer area. 
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Figure 2. Reporter-gene expression in the liver of adenovirus-infected transgenic 
mice. Five days after infection with AdGFP (A-H) or Adp-catS37A (I-P). serial sections 
were analysed by in situ hybridisation for the presence of GS (A,C,JX)or CPS (E,G,N,P) 
mRNA. and CAT (B,F.KM) mRNA (GS-UR and CPS-UR) or luciferase (D,H,KX>) 
mRNA (GS-UE2 and CPS-UEl). Reporter gene expression parallels the expression of the 
endogenous parent gene. P: portal vein; C: central vein. 
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Reciprocal expression of pericentral and periportal enzymes is maintained 
in Adp-catS37A-infected livers 
The mRNA expression patterns of the pericentral and periportal enzymes in the 
livers of mice infected with the constitutively active [3-catenin (Ad[3-catS37A) 
adenovirus suggested that the reciprocal expression of pericentral and 
periportal enzymes was maintained (Figure 2). To validate this impression, we 
employed double-label immunofluorescence to localize GS and PEPCK 
proteins in the same section. The number of hepatocytes expressing GS protein 
increased in a similar manner as that expressing GS-mRNA (Figure 3A), 
whereas the number of hepatocytes expressing PEPCK decreased (Figure 3B), 
as had been observed at the mRNA level. When both images were merged 
(Figure 3C), the reciprocal expression of both genes in Ad(3-catS37A-infected 
liver tissue was obvious. 

The endogenous {3-catenin protein is homogenously distributed across 
the liver and is predominantly present at the membranes, both in non-injected 
and in AdGFP-infected mouse liver (Figure 4A). In the liver of Ad(3-catS37A-
injected mice, [3-catenin is still present in the plasma membrane, but high 
cytoplasmic levels are seen in GS-expressing periportal hepatocytes (Figure 4B 
and 5). It should be noted that the anti-|3-catenin antibody does not discriminate 
between the endogenous and recombinant protein. 
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Figure 3. Reciprocal distribution of GS and PEPCK gene expression in liver of adenovirus-
infected mice. The liver was infected 5 days earlier with AdP-catS37A adenovirus and assayed for 
expression of GS (A) and PEPCK (B) protein by immunofluorescence. The merged picture ((') 
shows that the GS and PEPCK distributions were mutually exclusive. Scale bar: 50um. 
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Figure 4. Localization of p-catenin protein in adenovirus-infected liver. Sections of livers 
infected 5 days earlier with AdGFP (A) and Adp-catS37A adenovirus (B) were analysed for 
expression of P-catenin. p-catenin is predominantly present at the membrane, but also in the 
cytoplasm of Adp-catS37A-infected hepatocytes. Inserts show a higher magnification of the 
boxed areas, together with a nuclear staining with TOT03. Scale bar: 50um. 
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Figure 5. Distribution of Lefl and TcO/4 in adenovirus-infected liver. Serial sections of livers 
infected 5 days earlier with AdGFP (A,C.E) or Adp-catS37A adenovirus (B,D,E) were analysed 
for the expression of both GS and PEPCK (A.B: green: PEPCK; red: GS). Lefl (C,D) and Tcf3/4 
(E.F). The inserts show a higher magnification of the corresponding boxed areas. In control liver, 
Lefl is localized in the cytoplasm of pericental hepatocytes and Tcf3/4 mostly in the hepatocytes 
of the periportal zone and, very strongly, in the sinusoidal endotelium. Note the accumulation of 
Lefl and Tcf3/4 proteins in the cytoplasm of (3-catenin-activated hepatocytes. P: portal vein; C: 
central vein. Scale bar: 50um. 
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Correlation between GS expression and localization of Lef/Tcf in p-
catenin-activated livers 
The lymphoid enhancer-binding factor (Lef)/T-cell factor (Tcf)) transcription-
factor family mediates downstream effects P-catenin signaling (van Noort and 
Clevers, 2002). We therefore investigated their distribution in AdGFP- and 
Ad(3-catS37A-infected livers, using GS and PEPCK as landmarks to locate the 
central and portal veins, respectively (Figures 6A,B and 7A,B). 

In AdGFP-treated livers, Lefl protein is found in the pericentral region 
(Figure 5C), staining the cytoplasm of the positive cells in a granular fashion 
(Figure 5C, inserts). Adp-catS37A-mediated overexpression of P-catenin 
resulted in an increase in the number of positively staining hepatocytes, and a 
coarse granular cytoplasmic staining (Figure 5D). The anti-Tcf3/4 antibody-
produced a periportal staining pattern in AdGFP-treated livers that resembled 
that of PEPCK (compare Figure 5A and E). It is mainly present in the 
endothelial cells lining the sinusoids (Figure 5E, insert). The anti-TCF4 
antibody showed a similar expression pattern as the anti-Tcf3/4 antibody 
(Figure 6E). Overexpression of P-catenin in the liver resulted in an 
accumulation of the Tcf3/4 epitope in the cytoplasm of hepatocytes (Figure 
5F). Tcf4 similarly accumulated in the cytoplasm of hepatocytes of Adp-
catS37A-treated livers, but the staining of the sinusoidal lining cells remained 
more prominent (Figure 6F). Tcfl mainly stained the endothelial lining cells of 
the periportal sinusoids (Figure 6C). In Adp-catS37A-treated livers, Tcfl 
appeared to accumulate in the cytoplasm of hepatocytes (Figure 6D). 

Correlation between GS expression and nuclear localization of p-catenin 
Figures 5 and 6 suggest that all 4 members of the Lef/Tcf family are 
upregulated in hepatocytes of Adp-catS37A infected mice. We, therefore, 
investigated whether the overexpression of P-catenin resulted in its nuclear 
translocation. To avoid overprojection, we imaged GS, DNA. and P-catenin in 
a single confocal plane (Figure 7). Figure 7A shows that GS protein was 
present exclusively in the cytoplasm of hepatocytes. For comparison, the nuclei 
are visualized in Figure 7B. The hepatocytes showed different levels of 
cytoplasmatic P-catenin staining (Figure 7C), but the hepatocyte that was 
positive for GS (Figure 7A) also showed nuclear staining of P-catenin (Figure 
7C). The GS-negative hepatocytes, on the other hand, did contain lower 
cytoplasmatic levels of P-catenin and were negative for nuclear P-catenin. 
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Figure 6. Distribution of Tcfl and Tcf4 in adenovirus-infected liver. Serial sections of livers 
infected infected 5 days earlier with AdGFP adenovirus (A.C.E) or Ad [J-catS37A adenovirus 
(B.D.1 ) were analysed for the expression of both GS and PEPCK (A3; green: PEPCK; red: GS). 
Tet'1 (CD) and Tcf4 (E.F). The inserts show a higher magnification of the corresponding boxed 
areas. In control liver, both Tcfl and Tcf4 arc mainly localized in the periportal zone and. very 
Strongly, in the sinusoidal endothelium. In the p-catenin activated hepatocytes. Tcfl and Tct'4 
accumulate in the cytoplasm of hepatocytes. P: portal vein; C: central vein. Scale bar: SOum. 

Figure 7. Nuclear translocation of p-catenin in hepatocytes overexpressing p-catenin. 
Section of liver infected 5 days earlier with Adp-catS37A was analysed for expression of 
GS protein (A). DNA (B; TOT03 staining) and P-catenin protein (C). Image was taken 
with the confocal microscope fixed at a single plane. Scale bar: 25um. 
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DISCUSSION 

An important characteristic of adult liver is the zonation of gene expression 
around the portal and central veins (Ruijter et ah, 2004). GS and OAT on the 
one hand, and CPS and PEPCK on the other hand were used throughout this 
study as representative enzymes of the pericentral and periportal phenotype of 
hepatocytes. Using the expression of these enzymes, we observed that GS and 
OAT expression spread throughout the liver, whereas expression of CPS and 
PEPCK became confined to a few isolated hepatocytes. Indeed, these 
hepatocytes were not infected by the Ad(3-catS37A adenovirus (Figure 4). 
These findings, therefore, show that (3-catenin expression induces the 
pericentral phenotype and suppresses the periportal phenotype in hepatocytes. 

The zonal expression of hepatocyte-specific enzymes differs greatly 
between different genes, some of them being expressed with a shallow porto-
central gradient only, suggesting that the present observations have to be 
ascribed at least in pail to unphysiologically high levels of expression of (3-
catenin. In addition, we do, of course, not know whether the present 
observations can be extended to all hepatic enzymes, because the enzymes we 
have studied are all characterized by a clear-cut zonal expression pattern. 
Nevertheless, we earlier concluded that as a result of tumorigenic 
immortalization, Morris hepatomas that do express either GS or one of the urea 
cycle enzymes at a level higher than 10% of that observed in normal liver, 
almost always express either one rather than both (deGroot et ah, 1987). 
Furthermore, if they expressed one urea-cycle enzyme, they were likely to 
express all. 

The imposition by (3-catenin of a dominant pericentral phenotype differs 
from the effects of extreme conditions such as the combination of 
glucocorticoids and diabetes or prolonged fasting, or perinatal adaptation - all 
these conditions are characterized by high cyclic-AMP levels in the 
hepatocytes (Tiedgen et ai, 1980; Seitz et ah, 1976; Srikant et ai, 1977; 
DiMarco et ah, 1978) - that induce a periportal phenotype in hepatocytes 
without extinguishing the pericentral phenotype, that is, cause co-expression of 
typically periportal and pericentral enzymes (deGroot et ai, 1987; Gaasbeek et 
a/., 1985). 

The extracellular factor that can mediate the establishment and 
maintenance of the pericentral phenotype in hepatocytes should become 
prominent in the late fetal period of rats and mice, because at that stage 
zonation of gene expression becomes established (Lamers et ah, 1987). The 
possibility that this factor requires (3-catenin signaling is realistic, because (3-
catenin expression increases just prior to birth (Micsenyi et ai, 2004). An 
important aspect that therefore needs to be resolved is the identity of the 
factor(s) upstream of activated (3-catenin. In primary cultures of fetal mouse 
hepatocytes, we observed that physiological concentrations of canonical Wnts. 
in particular Wnt-3a, do induce GS and OAT expression (Kruithof-de Julio et 
al, Chapter 3). However, Wnt-3a, even at a high concentration, does not 
suppress the expression of CPS or PEPCK. In the same model, we found that 
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FGF-2 and -4 both induce GS and OAT, while suppressing CPS expression 
(Kruithof-de Julio et a/... Chapter 4). Since we also observed that the Adp-
catS37A adenovirus was able to induce the widespread expression of FGF-2 in 
much the same fashion as GS (Kruithof-de Julio et a/... Chapter 4), FGF-2 
appears to be a promising candidate to bring about the reciprocal expression 
pattern of many enzymes in the liver. 

A direct proof for a dominant role of P-catenin signaling in GS 
expression was obtained when we demonstrated that the GS +/LacZ transgenic 
mouse showed expression of the LacZ reporter outside the pericentral domain 
upon infection with the Adp-catS37A virus (Cadoret et at, 2002). In the 
present study, we show that the 244bp AflJII-Afllll element of the upstream 
enhancer of the GS gene suffices to mediate this stimulatory effect. This 
element does contain a consensus Lef/Tcf response sequence, but its activity 
remains to be demonstrated. Similarly, we snowed that the 12Kb upstream 
region of the CPS gene confers the P-catenin-mediated repression of 
expression. However, the identity and functionality of the response element 
that mediates this effect still has to be established, because it was not located 
inside the upstream enhancer at -6.3 Kb. 

The Lef/Tcf transcription-factor family is necessary to convert P-catenin 
signaling into expression of target genes (Roose and Clevers 1999). All Lef/Tcf 
transcription factors are expressed in normal mouse liver and upregulated in 
hepatocytes that overexpress p-catenin. However, Lefl was unique among the 
downstream effectors of P-catenin signaling in that it was expressed in a similar 
albeit more shallow porto-central gradient as GS and OAT, and in that its 
expression expanded concomitant with that of GS and OAT in livers infected 
with the Adp-catS37A vims. Since Tcfl. -3 and -4, on the other hand, were 
mainly expressed in the endothelial lining cells of the sinusoids in control 
livers, they are less obvious candidates for a role in the regulation of pericentral 
gene expression. 

ACKNOWLEDGEMENT 
We gratefully acknowledge Prof. Bruno Christ (Martin-Luther, Halle, 
Germany) for making the PEPCK antiserum available for this study. 

105 



Chapter 5 

REFERENCES 

Andersen B. Zierz S. Jungermann K (1983) Perinatal development of the distributions of 
phosphoenolpyruvate carboxykinase and succinate dehydrogenase in rat liver 
parenchyma. Eur J Cell Biol 30:126-131 

Bruix J. Boix L, Sala M, Llovet JM. Focus on hepatocellular carcinoma. (2004). Cancer Cell 
2004: 5: 215-219; Calvisi DF. Factor VM. Ladu S. Conner EA. Thorgeirsson SS. 
Disruption of beta-catenin pathway or genomic instability define two distinct 
categories of liver cancer in transgenic mice. Gastroenterology; 126: 1374-1386 

Cadoret A, Ovejero C, Terris B. Souil E. Levy L. Lamers WH, Kitajewski J, Kahn A, Perret 
C (2002) New targets of beta-catenin signaling in the liver are involved in the 
glutamine metabolism. Oncogene 21:8293-8301 

Christoffels VM, Habets PEMH, Das AT. Clout DEW, Roon MAv, Moorman AFM, Lamers 
WH (2000) A single regulatory module of the carbamoylphosphate synthetase I gene 
executes its hepatic program of expression. J Biol Chem 275:40020-40027 

Christoffels VM. van den HoffMJB, Moorman AFM. Lamers WH (1995) The far-upstream 
enhancer of the carbamoylphosphate synthetase 1 gene is responsible for the tissue 
specificity and hormone inducibility of its expression. J Biol Chem 270:24932-24940 

Christoffels VM. van den Hoff MJB. Lamers MC, van Roon MA. de Boer PAJ. Moorman 
AFM. Lamers WFI (1996) The upstream regulatory region of the carbamoyl
phosphate synthetase I gene controls its tissue-specific, developmental and hormonal 
regulation in vivo. J Biol Chem 271:31243-31250 

Christoffels VM, Sassi H. Ruijter JM, Moorman AFM, Grange T. Lamers WH (1999) A 
mechanistic model for the development and maintenance of porto-central gradients in 
gene expression in the liver. Hepatology 29:1180-1192 

de Groot CJ. Zonneveld D, de Laaf RTM. Dingemanse MA, Mooren PG. Moorman AFM, 
Lamers WH, Charles R (1986) Developmental and hormonal regulation of 
carbamoylphosphate synthetase gene expression in rat liver : evidence for control 
mechanisms at different levels in the perinatal period. Biochim Biophys Acta 866:61-
67 

de Groot CJ, ten Voorde CHJ. van Andel RE, te Kortschot A, Gaasbeek Janzen JW, Wilson 
RH, Moorman AFM. Charles R, Lamers WH (1987) Reciprocal regulation of 
glutamine synthetase and carbamoylphosphate synthetase levels in rat liver. Biochim 
Biophys Acta 908:231-240 

Di Marco PN, Oliver TI (1978) Adenosine 3': 5'-monophosphate in perinatal rat liver. Eur J 
Biochem 87:235-241 

van den Hoff MJB, van de Zandc LPWGM. Dingemanse MA. Das AT. Labruyère WT, 
Moorman AFM, Charles R. Lamers WH (1995) Isolation and characterization of the 
rat gene for carbamoylphosphate synthetase 1. Eur J Biochem 228:351-361 

Gaasbeek Janzen JW. Moorman AFM, Lamers WH. Charles R (1985) Development of the 
heterogeneous distribution of carbamoylphosphate synthetase (ammonia) in rat liver 
parenchyma during postnatal development. J Histochem Cytochem 33:1205-1211 

Gaasbeek Janzen JW. Gebhardt R. ten Voorde CHJ, Lamers WH, Charles R, Moorman AFM 
(1987) Heterogeneous distribution of glutamine synthetase during rat liver 
development. J Histochem Cytochem 35:49-54 

Gaasbeek Janzen JW. Lamers WH. Moorman AFM. de Graaf A. Los JA, Charles R. (1984). 
Immunohistochemical localization of carbamoylphosphate synthetase (ammonia) in 
adult rat liver. J Histochem Cytochem; 32:557-564. 

Garcia de Veas Lovillo RM. Ruijter JM. Labruyère WT. Hakvoort TBM. Lamers WH. 
(2003). Upstream and intronic regulatory sequences interact in the activation of the 
glutamine synthetase promoter. Eur J Biochem: 270:206-212. 

Gebhardt R (1992) Metabolic zonation of the liver: regulation and implications for liver 
function. Phannac Ther 53:275-354 

106 



P-Catenin determines reciprocal expression 

Gebhardt R. Mecke D. Heterogeneous distribution of glutamine synthetase among rat liver 
parenchymal cells in situ and in primary cultures. EMBO J 1983; 2:567-570. 

Hanson RW. Reshef L (1997) Regulation of phosphoenolpyruvate carboxykinase (GTP) gene 
expression. Annu Rev Biochem 66:581-611 

Hussain SZ. Sneddon T, Tan X, Micsenyi A, Michalopoulos GK. Monga SPS (2004). Wnt 
impacts growth and differentiation in ex vivo liver development. Exp Cell Res; 
292:157-169. 

Jungermann K (1995) Zonation of metabolism and gene expression in liver. Histochemistry 
103:81-91 

Jungermann K, Kietzmann T (1996) Zonation of parenchymal and nonparenchymal 
metabolism in liver. Annu Rev Nutr 16:179-203 

Jungermann K. Kietzmann T (2000) Oxygen: modulator of metabolic zonation and disease of 
the liver. Hepatology 31:255-260 

Knop E. Bader A. Boker K, Pichlmayr R. Sewing KF (1995) Ultrastructural and functional 
differentiation of hepatocytes under long-term culture conditions. Anat Rec 242:337-
349 

Kuo FC. Darnell Jr JE. Evidence that interaction of hepatocytes with the collecting (hepatic) 
veins triggers position-specific transcription of the glutamine synthetase and ornithine 
aminotransferase genes in the mouse liver. Mol Cell Biol 1991; 11:6050-6058. 

Lamers WH, Gaasbeek Janzen JW. te Kortschot A, Charles R, Moorman AFM (1987) The 
development of enzymic zonation in liver parenchyma is related to the development 
of the acinar architecture. Differentiation 35:228-235 

Lamers WH, Verbeek FJ. Moorman AFM, Charles R (1989) The metabolic lobulus, a key to 
the architecture of the liver. In: Gumucio JJ (ed) RBC: Hepatocyte heterogeneity and 
liver function. 19 edn. Springer International, pp 5-26 

Lie-Venema FI, Labruyère WT, van Roon MA. de Boer PAJ. Moorman AFM, Berns AJM, 
Lamers WH (1995) The spatio-temporal control of the expression of glutamine 
synthetase in the liver is mediated by its 5'-enhancer. J Biol Chem 270:28251-28256 

Lie-Venema H. Hakvoort TBM, van Hemert FJ. Moorman AFM, Lamers WH (1998) 
Regulation of the spatiotemporal pattern of expression of the glutamine synthetase 
gene. Prog Nucleic Acid Res 61:243-308 

Meijer A.I. Lamers WH. Chamuleau RAFM (1990) Nitrogen metabolism and ornithine cycle 
function. Physiol Rev 70:701 -748 

Micsenyi A, Tan X, Sneddon T, Luo JH, Michalopoulos GK. Monga SP (2004). Beta-catenin 
is temporally regulated during normal liver development. Gastroenterology; 126: 
1134-1146 

Moorman AFM. de Boer PAJ. Ruijter JM. Hagoort J. Franco D, Lamers WH (2000) Radio
isotopic in situ Hybridization on tissue sections: practical aspects and quantification. 
In: Tuan RS, Lo CW (eds) Methods in Molecular Biology. Vol 137: Developmental 
Biology Protocols. Vol III. chapter 11. Humana Press Inc.. Totowa, NJ. pp 97-115 

Miickler MM, Pitot HC (1985) Sequence of the precursor to rat ornithine aminotransferase 
deduced from a cDNA clone. J Biol Chem 260:12993-12997 

Nishiyori A, Tashiro H. Kimura A. Akagi K. Yamamura M, Mori M, Takiguchi M (1994) 
Determination of tissue specificity of the enhancer by combinatorial operation of 
tissue-enriched transcription factors. J Biol Chem 269:1323-1331 

Roosc J, Clevers H (1999) TCF transcription factors: molecualr switches in 

carcinogenesis. Biochim Biophys Acta 87456:M23-M37 
Ruijter JM, Gieling RG, Markman MWM. Hagoort J, Lamers WH (2004) Stereological 

measurement of porto-central gradients in gene expression in mouse liver. 
Hepatology 39:343-352 

Schrode W, Mecke D. Gebhardt R (1990) Induction of glutamine synthetase in periportal 
hepatocytes by cocultivation with a liver epithelial cell line. Eur J Cell Biol 53:35-41 

Seitz HJ, Muller MJ. Nordmeyer P, Krone W, Tarnowski W (1976) Concentration of cyclic 
AMP in rat liver as a function of the insulin/glucagon ratio in blood under 
standardized physiological conditions. Endocrinol 99:1313-1318 

107 



Chapter 5 

Srikant CB. Freeman D, McCorkle K. Unger RH (1977) Binding and biologic activity of 
glucagon in liver cell membranes of chronically hyperglucagonemic rats. J Biol Chem 
252:7434-7436 

Suksaweang S, Lin CM, Jiang TX, Hughes MW. Widelitz RB. Chuong CM (2004) 
Morphogenesis of chicken liver: identification of localized growth zones and the role 
of beta-catenin/Wnt in size regulation. Dev Biol 266:109-122 

Tiedgen M, Seitz HJ (1980) Dietary control of circadian variations in serum insulin, glucagon 
and hepatic cyclic AMP. J Neurochem 110:876-882 

van Noort.M., van de Wetering.M. and Clevers.H. (2002). Identification of two novel 
regulated serines in the N terminus of beta-catenin. Exp. Cell. Res. 276: 264-272. 

van de Zande.L.P.W.G., Labruyère.W.T., Arnberg.A.C. Wilson.R.H.. van den 
Bogaert,A.J.W., Das.A.T., van Oorschot.D.A.J.. FrijtersX'., Charles.R.. 
Moorman.A.F.M. and Lamers.W.H. (1990). Isolation and characterization of the rat 
glutamine synthetase- encoding gene. Gene 87: 225-232. 

Yoo-Warren H, Monahan JE. Short J, Short H, Bruzel A, Wynshaw-Boris A, Meisner HM, 
Samols D. Hanson RW (1983) Isolation and characterization of the gene coding for 
cytosolic 

Young CS, Masckauchan TN, Kitajewski J (2003). Beta-catenin/Tcf activation partially 
mimics the transforming activity of Wnt-1 in Rat-1 fibroblasts. Differentiation. 8:477-
85. 

108 



Epilogue 



The endoderm of the gastrointestinal tract (GIT), a continuous tube that runs 
from mouth to anus, differentiates into absorptive, mucus-secreting, and 
enteroendocrine cells that together perform "digestion". Since digestion wears 
out the lining cells of the gut. enterocytes are rapidly turning over, necessitating 
in addition an active stem-cell compartment and persisting differentiation of 
newly produced cells. Organs such as the stomach, small and large intestine are 
part of the alimentary canal in the strict sense, whereas liver and pancreas are 
so-called accessory digestive organs. The question, therefore, arises whether 
the basic architecture of the gut and the accessory organs is similar, c.q. 
whether the accessory glands resemble certain components of the GIT more 
than others. 

The intestinal crypts 
From the stomach downward, the GIT is characterized by the presence of villi 
and crypts. The villi differ in height to increase the absorptive surface, and in 
cell composition (proportion of absoiptive and mucus-secreting cells) to be 
able to defend the body against the luminal contents. The stem cells of the gut 
are located in the crypts, which is, therefore, the most plastic compartment of 
the GIT. The crypts of the stomach (the "gastric glands") are long and well-
developed, containing in addition to mucous cells, parietal cells (producing H+ 
and intrinsic factor), chief cells (producing pepsin) and endocrine cells 
(producing gastrin, secretin and cholecystokinin). Towards the pylorus, the 
crypts shorten to become the "pyloric glands", which consist entirely of 
mucous-producing cells that resemble those present in the gastric glands. In the 
small intestine, the crypts further shorten to become the "intestinal glands" or 
crypts of Lieberkiihn. These crypts contain absorptive cells, goblet (mucus-
producing) cells, endocrine cells (producing a.o. enteroglucagon). and, at their 
bottom. Paneth cells (producing innate immune agents such as lysozyme and 
defensins). The crypts of the colon are again deeper, but contain the same 
spectrum of cells as the crypts of the small intestine. 

The proximal duodenum stands out among the respective parts of the 
GIT in that a portion of its crypts expand to penetrate the Muscularis mucosae 
and branch into the submucosal space to form the "duodenal or Brunner's 
glands". Brunnefs glands develop between 16 weeks of gestation and term in 
the human fetus (Botros et ah, 1990) and in the first three postnatal weeks in 
the mouse (Obuoforibo et at, 1977), that is, begin to form coincident with the 
development of the crypts. We submit that it can hardly be coincidence that the 
accessory digestive organs, that is liver and pancreas, also develop from the 
proximal duodenum. This part of the GIT corresponds with the caudal end of 
the foregut in the embryo, from which the embryonic origins of the liver and 
pancreas, the hepatic and pancreatic diverticula, grow into the overlying 
mesenchyme. 
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The stem-cell compartment 

Digestion wears out the lining cells of the gut, necessitating a relatively rapid 
turnover of the enterocytes. The stem cells of the gut are located in the crypts, 
but their position within the crypts changes markedly going from the stomach 
downwards (Figure 1). Because of this pronounced stem-cell compartment, 
differentiation has to occur outside the stem-cell zone and is, hence, coupled to 
cell migration. 

In the stomach, the stem cells reside in the isthmus of the gastric glands, 
that is, close to the junction of villus and crypts (Figure 1A). Migration of cells 
is bi-directional: some cells migrate towards the bottom of the crypt to form the 
chief cells, whereas others differentiate into the pre-parietal-cell precursors 
within the isthmus and remain there or migrate caudally (Modlin et a/., 2002). 
The stem cells of the small intestine, on the other hand, are located near the 
bottom of the crypts (Figure 1, panel C). From here, enterocytes migrate 
towards the surface, meanwhile dividing and becoming the progenitors of 
absoiptive, mucus-secreting, or enteroendocrine cells. The Paneth cell at the 
bottom of the crypt also arises from the intestinal stem cells, but migrates 
downward and differentiates in loco. In large intestine, finally, in particular the 
mid-colon region, the stem cells are located at the very bottom of the crypt and 
differentiate while migrating towards the surface.The stem cells of the liver are 
found in the "Canal of Hering" at the junction of the hepatic and bile-duct 
compartments of the liver. The cells are bipotential, that is, have the ability to 
differentiate into both bile-duct epithelium and hepatocytes (Shiojiri N et a/., 
1997; Marceau N et a/., 1994). In contrast to the stem cells of the alimentary 
canal in the strict sense, hepatocytes in the periportal region rather than the 
hepatic stem cells in the Canal of Hering multiply when new hepatocytes are 
necessary for e.g. liver regeneration. Only when the periportal hepatocytes are 
not able to divide anymore, e.g. as a result of poisoning, the hepatic stem cells 
become activated (Sell et a/.. 2003). Although this property seems to 
distinguish the liver unambiguously from the rest of the GIT, it is now known 
that Brunner's glands respond, similarly to the liver, with cell multiplication 
when regeneration of the duodenum becomes necessary because of e.g. the 
development of a duodenal ulcer (Fuse et al, 1988; Wright et a/., 1998). These 
data appear to further support the view that the liver and Brunner's glands in 
the duodenum share functional properties with respect to their proliferative 
behaviour and perhaps a phylogenetic origin. In any case, the findings show-
that the hepatocyte compartment of the liver has to be considered as being 
located abluminal with respect to the stem cells in the Canal of Hering (Figure 
IB). 

Gene-expression patterns in the GIT 
The gene-expression pattern of the crypts of the small intestine resembles that 
of the liver in certain aspects that appears to underscore our earlier tentative 
conclusion that the liver has to be considered a modified intestinal crypt. The 
expression patterns of the morphogenetic signal transduction pathways (Barolo 
& Posakony, 2002) in particular that of the Wnt/[3-catenin signaling pathway, 
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and that of glutamine synthetase are presently the strongest evidence in favour 
of this concept. 

The Wnt/p-catenin/TCF signaling pathway is necessary for intestinal 
crypt development (Sancho et ai, 2003: Ireland et at, 2004).The signal-
transduction pathway regulates the proliferation/ differentiation switch and the 
migration of cells along the crypt-villus axis by modulating the expression of 
the EphB receptors and their ephrin-B ligands throughout the compartments 
(Batlle et ai, 2002). The expression of EphB3 in the Paneth cells is required in 
order to allow the cells to migrate to the bottom of the crypts, is also driven by 
p-catenin/TCF activity (van de Wetering et ai, 2002; Pinto et ai, 2003). In 
EphB3-null mice, Paneth cells are not restricted to the bottom of the crypts and 
in EphB2/ EphB3 double-null mice, cell migration towards the top of the crypts 
is lost. However, Wnt signaling is also active in the Paneth cells at the bottom 
of the crypts, that is, in cells that have withdrawn from the cell cycle (Sancho et 
at, 2003). Interestingly, these Paneth cells are the only cells in the intestine that 
express GS (Roig et ai, 1995) (Sokolovic M. unpublished observation) . In the 
stomach, GS is expressed in the chief cells, that is, mainly in the fundic part of 
the gastric glands (van Straaten et a/.,, in preparation). Similarly, GS 
accumulates to very high levels in the pericentral hepatocytes of the liver 
(Gaasbeek et ai. 1987;Gebhardt et ai, 1983). Although the expression pattern 
of the Wnt-signaling pathway in the stomach is not yet known, Wnt signaling 
in the liver appears to be confined to the pericentral region of the liver 
(Chapters Wnt and FGF). These findings suggest that Wnt signaling is most 
active in the abluminal parts of the crypts. 

The hypothesis 
The development of the accessory digestive organs (Brunner's glands, the liver 
and the pancreas) from the (crypts in the) proximal duodenum, the localization 
of the stem-cell compartments in stomach, small and large intestines, and the 
liver, and co-localization of the expression pattern of the Wnt/TCF signaling 
pathway and GS expression all suggest that the liver parenchyma has to be 
considered a modified intestinal crypt (Figure IB). 
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Crypts 

Pancfli rets 

A B C D 

Figure 1. The gastrointestinal "crypts". Schematic representation of the stomach (A), liver (B). small 
(C) and large (D) intestinal crypts. The arrows indicate direction of migration of cells away from the 
stem cells. The stem cell position is indicated by the grey "wave", from the neck of the stomach crypt to 
the bottom of the crypt of the large intestine. P-cat: P-catcnin, Shh: sonic hedgehog and Ihh: Indian 
hedgehog. 
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Summary 



The enzymic make-up and function of hepatocytes surrounding the vessels 
entering the liver differs from those surrounding the vessels leaving the liver. 
This feature, called metabolic zonation. is not only crucial for the homeostatic 
function of the liver, but also a fine example of differential gene expression 
among otherwise comparable cells. In this thesis, we have used the enzymes 
glutamine synthetase (GS) and ornithine aminotransferase (OAT) as paradigms 
for pericentrally expressed genes, and carbamoylphosphate synthetase (CPS) 
and phosphoenolpyruvate carboxykinase (PEPCK) as periportally expressed 
genes. We have proposed that the enzymic phenotype of the upstream, 
periportal hepatocytes is the default type, whereas metabolic or biosynthetic 
products of the upstream hepatocytes bring about the enzymic phenotype of the 
downstream, pericentral hepatocytes. The identity of these factors was thus far 
unknown. The overall aim of this thesis was, therefore, to identify signaling 
molecules that regulate this zonation of gene expression. In addition, we looked 
for the regulatory elements in the CPS and GS genes that confer these signals 
upon the promoter of the respective genes. We have mainly employed fetal 
hepatocytes because these cells are easy to isolate and culture and are a well-
inducible cell system for both periportal and pericentral enzymes. 

GS expression becomes induced in adult periportal hepatocytes upon co-
cultivation with the rat epithelial cell line RL-ET-14. We successfully adapted 
this system to primary fetal hepatocyte co-cultures. To identify the regulatory 
sequences of the GS gene that mediate the RL-ET-14-dependent induction, we 
employed two transgenic mouse lines. Line GS-UR contains the 5'-flanking 
region of the rat GS gene from position -3150 to +59 with respect to the 
transcriptional start site, including the upstream enhancer at -2.5 Kb, while in 
line GS-UE2, this 244bp upstream enhancer is fused to the promoter at position 
-965. When construct GS-UE2 was transfected to primary fetal hepatocytes, it 
reporter-gene activity was 3-fold increased over a construct containing the 
965bp GS promoter only. Co-cultivation of (transgenic) fetal hepatocytes with 
RL-ET-14 cells stimulated transgene expression to a similar extent as 
endogenous GS expression. Since the Wnt/(3-catenin pathway regulates liver 
growth and differentiation, we silenced |3-catenin in the fetal hepatocytes prior 
to co-cultivation with a small-interfering RNA oligonucleotide. Both 
endogenous GS and reporter-gene expression were reduced to background 
levels, indicating that the fi-catenin-sensitive DNA sequences were located in 
the upstream enhancer (see chapter 2 for more details). 

To establish the involvement of the Wnt canonical signaling pathway, 
we tested Wnt-3a and Wnt-2b for their capacity to induce GS and OAT 
expression in fetal mouse hepatocytes. Our results show that Wnt-3a is a 
powerful inducer of GS and OAT expression, being effective in the nM range, 
but does not affect the expression of the periportal genes CPS and PEPCK. The 
analysis of the transgene data showed that the 244bp GS-upstream enhancer 
confers this inducing effect upon the GS promoter. B-catenin-specific RNA 
interference abolished the inducing effects of Wnt-3a. Wnt signaling stabilizes 
P-catenin and allows it to translocate in the nucleus and bind the Lef/Tcfs 
transcription-factor family (Tcf-1, Lef-1, Tcf-3 and Tcf-4) to activate gene 
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expression. B-catenin and all 4 Tcfs are expressed in developing liver, but only 
Lef-1 expression is zonated from ED 17 onwards. 

FGF-2 and -4, but not FGF-8 and -10 dose-dependently induced GS and 
OAT. but -differing from Wnt-3a - also suppressed the expression of the 
periportal enzymes CPS and PEPCK. The effects of FGF-2 and -4 can be 
annulled by adding p-catenin-specific RNAi's, suggesting that FGF-2 acts 
upstream of p-catenin. The expression of FGF-2, but not that of FGF-4 in adult 
mouse liver in vivo co-localizes with that of GS. Insulin and BMPs, both 
known for their hepatotrophic effects, also stimulated GS expression dose-
dependently, but in combination with FGF-4, their induction of GS, but not 
OAT was significantly reduced. The effects of FGF-4 and the interaction with 
insulin were not different for the expression of GS, OAT and CPS when 
dexamethasone was omitted from the cultures (for detail see chapter 4). 

Adenoviral overexpression of P-catenin in vivo affects the pre-existent 
zonation of gene expression in that GS and OAT become homogenously 
distributed, whereas CPS and PEPCK expression is suppressed. To identify the 
regulatory sequences in the GS and CPS genes that are responsible for this 
reciprocal response, we repeated these experiments in transgenic mice 
containing different portions of the enhancer/promoter region of the GS gene 
(GS-UR and GS-UE2) and the CPS gene (CPS-UR and CPS-UE1). The 
expression patterns of all reporter genes follow that of the endogenous ones, 
indicating that the smallest regulatory elements in these transgenes were 
sufficient to respond to P-catenin overexpression. We further observed 
induction of FGF-2 and Lef-1 expression to a similar extent as GS, suggesting 
that both are downstream targets of P-catenin. Since p-catenin is also a target of 
FGF-2 or -4, these data suggest that a positive feedback loop (FGF-2 -> p-
catenin -> FGF-2) may regulate GS expression (see chapter 5 for details). 
These data further indicate that FGF-2 may also be responsible for the often 
reciprocal behavior of ZCPS and GS. because it inhibits CPS expression by an 
as yet unidentified pathway. 

Finally, in the epilogue, we review morphological and molecular aspects 
of the liver development in a phylogenetic perspective. Based on the position of 
the stem cells and the expression pattern of the Wnt pathway, we suggest that 
the liver developed from an intestinal crypt. 
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Samenvatting 



De enzymsamenstelling en functie van levercellen (hepatocyten) die rondom de 
aanvoerende vaten van de lever (ofwel periportaal) gelegen zijn verschilt van 
die welke rondom de afvoerende vaten (ofwel pericentraal) gelegen zijn. Dit 
fenomeen, dat metabole zonering genoemd wordt en essentieel is voor de 
homeostatische functie van de lever, is een fraai voorbeeld van differentiële 
genexpressie in overigens vergelijkbare cellen. In dit proefschrift fungeren de 
enzymen glutamine synthetase (GS) en ornithine aminotransferase (OAT) als 
voorbeelden voor pericentral genexpressie in de lever en carbamoyl fosfaat 
synthetase (CPS) en fosfoenolpyruvaatcarboxykinase (PEPCK) als voorbeelden 
voor periportale genexpressie. Volgens een eerder door ons opgestelde 
hypothese is het enzymatische fenotype van de periportale hepatocyten het 
"default1' fenotype, terwijl het enzymatische fenotype van de stroomafwaarts 
gelegen pericentrale hepatocyten bepaald wordt door factoren welke door de 
meer stroomopwaarts gelegen periportale hepatocyten worden geproduceerd. 
De identiteit van deze factoren was tot op heden onbekend. Het was dan ook de 
belangrijkste doelstelling van het in dit proefschrift beschreven onderzoek deze 
factoren op te sporen. Daarbij is tevens aandacht besteed aan de regulerende 
gebieden op de GS en CPS genen waarop deze factoren aangrijpen. 

Uit de litteratuur was bekend dat samenkweken van zgn. RL-ET-14 
cellen en volwassen levercellen expressie van GS induceert in de levercellen. 
Wij hebben dit model overgebracht op foetale muizenhepatocyten, omdat de 
biosynthetische eigenschappen van deze cellen in kweek aanzienlijk beter zijn 
dan die van volwassen hepatocyten. Vervolgens hebben wij de regulerende 
DNA gebieden van het GS gen die voor de door RL-ET-14 cellen veroorzaakte 
inductie verantwoordelijk zijn, opgespoord m.b.v. 2 transgene muizcnlijnen. In 
deze muizenlijnen wordt de expressie van een zgn. "reporter" gen gereguleerd 
door 3150 basen stroomopwaarts van het gen (lijn GS-UR) of door een deel 
hiervan, waaronder de 244 baseparen grote "upstream enhancer" (lijn GS-
UE2). Het construct dat voor het maken van deze laatste lijn gebruikt is, is in 
vitro in staat de expressie van het reporter gen 3-voudig induceren, hetgeen 
aantoont dat in dit construct een daadwerkelijk actieve upstream enhancer 
aanwezig is. Co-cultivering van (transgene) levercellen met RL-ET-14 cellen 
stimuleerde de expressie van het transgen in dezelfde mate als het endogene GS 
gen. hetgeen aantoont dat de upstream enhancer onderdeel is van de 
signaaltransductieketen tussen de RL-ET-14 cellen en het GS gen. Door de co-
cultures bloot te stellen aan [3-catenine-specifiek "small interfering RNA" 
(siRNA) konden we vervolgens aantonen dat [i-catenine een cruciale schakel in 
deze signaaltransductie route vormt. 

B-catenine is onderdeel van de zgn. Wnt/p'-catenine 
signaaltransductieroute die een belangrijke rol speelt in leverontwikkeling en -
carcinogenese. Om die reden hebben wij de Wnt-3a en Wnt-2b varianten getest 
op hun capaciteit lever-specifieke genexpressie te induceren in kweken van 
foetale hepatocyten. Wnt-3a blijkt een krachtige, in het nM bereik actieve 
inductor van GS en OAT te zijn, maar heeft geen enkel effect op de expressie 
van de periportale genen CPS en PEPCK. Analyse van de transgenen toonde 
aan dat de 244bp upstream enhancer dit inducerende effect op de GS promotor 
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overbrengt. Dat de effecten van Wnt-3a via (3-catenine verliepen werd 
aangetoond met P-catenine-specifïek si RNA. Om de rol van deze 
signaaltransductieroute in vivo verder te onderbouwen zijn de 
expressiepatronen in de lever van (3-catenine en de Tcf-familie van 
transcriptiefactoren, die samen met p-catenine een actief 
transcriptiefactorcomplex vormen, in kaart gebracht. Alle factoren komen in de 
zich ontwikkelende en volgroeide lever tot expressie, maar alleen de co-factor 
Lef-1 is pericentraal gelokaliseerd. 

Fibroblast growth factors -2 en -4, maar niet -8 en -10, induceerden GS 
en OAT dosis-afhankelijk en onderdrukten, i.t.t. Wnt-3a, tevens de expressie 
van CPS en PEPCK. Deze stimulerende effecten van FGF-2 en -4 konden 
teniet gedaan worden door de cellen met (3-catenin-specifiek siRNA te 
behandelen, hetgeen aangeeft dat deze FGFs stroomopwaarts van p-catenine 
aangrijpen. Het expressiepatroon van FGF-2, maar niet dat van FGF-4 
colocaliseert in volwassen muizenlever in vivo met dat van GS. Insuline en 
BMPs. beide bekend vanwege hun hepatotrofe effecten, hadden ook een dosis-
afhankelijk effect op GS. In combinatie met FGF-4 bleek de inductie van GS, 
maar niet die van OAT, echter sterk gereduceerd. De aanwezigheid van 
dexamethason, een glucocorticoid dat veelvuldig in levercelkweken gebruikt 
wordt, had geen invloed op de beschreven effecten van FGF-2 en -4. 

Adenovirale overexpressie van P-catenine in de lever in vivo 
bewerkstelligt een homogene verdeling van GS en OAT, en een 
corresponderende vermindering van de expressie CPS en PEPCK. Om de 
regulerende gebieden in de GS en CPS genen die verantwoordelijk zijn voor 
deze reciproke reactie te identificeren hebben wij deze experimenten herhaald 
met transgene muizen die verschillende delen van de promotor/enhancer 
gebieden van het GS (GS-UR en GS-UE2) en het CPS gen (CPS-UR en CPS-
UE1) in hun genetisch materiaal dragen. Het expressiepatroon van alle reporter 
genen volgde dat van de endogene genen, hetgeen aangeeft dat het enhancer 
element dat in deze transgenen aanwezig is, voldoende is om om op de 
overexpressie van P-catenine te reageren. Wij namen in deze levers verder een 
met GS vergelijkbare inductie van de FGF-2 en Lef-1 expressie waar, wat 
impliceert dat beide eiwitten stroomafwaarts van P-catenine actief zijn. 
Aangezien P-catenine zelf ook een target van FGF-2 is, impliceren deze gevens 
dat een positieve feed-back lus (FGF-2 -> p-catenine -> FGF-2) de expressie 
van GS reguleert. Deze gegevens suggereren verder een mechanisme voor de 
reciproke regulering van de expressie van GS en CPS: FGF-2 stimuleert de 
expressie van GS (via P-catenine) en remt de expressie van CPS (via een nog 
onbekend mechanisme). 

De lever is een derivaat van de embryonale voordarm. Op basis van een 
vergelijking van de plaats waar de stamcellen en de Wnt/p-catenine 
signaaltransductieroute in maag, lever, dunne en dikke darm actief zijn, stellen 
wij in de epiloog voor dat de lever ontstaan is als een differentiatieproduct van 
een darmcrypte. 
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E quindi uscimmo a riveder Ie stelle ". 

(Divina Commedia, Inferno XXXIV, 139) 






