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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. 

49 

file:////nt-3a
file:////nt-3a
file:///Ynl-3a


Chapter 3 

PGKNeo PGKW3A 
OAT 

PGKNeo PGKW3A 

< 

> 

B 
80 -

60 -

40 -

20 -

10 20 30 

mr\Vnt-3a (ng/ml) 

mrWnt-3a 

scrambled si RNA 

p-catenin siRNA 

50 



Wnt3a stimulates pericentral enzymes 

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 

53 



Chapter 3 

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. 

56 



Wnt3a stimulates pericentral enzymes 

CD 
O 
Ö 

c/3 
CD 
i-H 

G 

CD 
> 

4—» 

a: 

100 

80 

60 

40 

20 

0 

i-i-*-ï ï ï i i ï i i i ï i ï ï ï i 

100 

80 

60 

40 

20 

0 

20 

V 

40 

•4^ 

60 80 

A 

1 

100 

B 

o 20 40 60 80 100 

Relative porto-central axis 

57 



Chapter 3 

< 
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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