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Chapter 4 

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 
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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. 

78 



FGF-2 and FGF-4 induce pericentral phenotype 

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 

BMP4 

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. 

82 



FGF-2 and FGF-4 induce pericentral phenotype 

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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