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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 
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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. 

MS 



p-Catenin determines reciprocal expression 

Ad.GFP Ad.p-catS37A 
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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. 

100 



(3-Catenin determines reciprocal expression 

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 

104 



p-Catenin determines reciprocal expression 

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. 
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