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Abstract

During development and regeneration, new cells are added and incorporated to the liver 

parenchyma. Regulation of this process contributes to the final size and shape of the particular 

organs, including the liver. We identified the distribution of liver growth zones using an 

embryonic chicken model because of its accessibility to experimentation. Hepatocyte precursors 

were first generated all over the primordia surrounding the vitelline blood vessel at embryonic day 

2 (E2), then became limited to the peripheral growth zones around E6. Differentiating daughter 

cells of the peripheral hepatocyte precursors were shown by DiI microinjection to be laid inward 

and were subsequently organized to form the hepatic architecture. At E8, hepatocyte precursor 

cells were further restricted to limited segments of the periphery, called localized growth zones 

(LoGZ). Adhesion and signaling molecules in the growth zone were studied. Among them, β-

catenin and Wnt 3a were highly enriched. We overexpressed constitutively active β-catenin using 

replication competent avian sarcoma (RCAS) virus. Liver size increased about 3-fold with an 

expanded hepatocyte precursor cell population. In addition, blocking β-catenin activity by either 

overexpression of dominant-negative LEF1 or overexpression of a secreted Wnt inhibitor 

Dickkopf (DKK) resulted in decreased liver size with altered liver shape. Our data suggest that (1) 

the duration of active growth zone activity modulates the size of the liver; (2) a shift in the 

position of the localized growth zone helps to shape the liver; and (3) β-catenin/Wnt are involved 

in regulating growth zone activities during liver development.
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Introduction

Epithelial–mesenchymal interactions are essential for induction, morphogenesis, 

differentiation, and regeneration in all epithelial organs (review in Chuong, 1998; Hogan, 

1999). This holds true for the liver. During induction, the future hepatic endoderm (ventral 
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gut endoderm) is specified by several growth factors produced by the cardiac mesoderm, 

such as fibroblast growth factor 1 (FGF1), FGF2, and possibly FGF8 (Jung et al., 1999). 

Recently, this specification was also found to require bone morphogenetic proteins (BMPs) 

in the cardiac mesoderm and septum transversum (Rossi et al., 2001). However, the 

mechanism regulating the size and shape of the liver after induction has not been clearly 

elucidated.

After the induction stage, hepatocytes and biliary cells form from multipotent endodermal 

hepatoblasts (reviewed in Vessey and Hall, 2001; Zaret, 2000, 2002). The specified hepatic 

endoderm proliferates and forms hepatic cords (Carlson, 1999; Zaret, 2002, Fig. 1). These 

cords constitute the liver parenchyma after differentiation and acquisition of liver-specific 

gene expression. The hepatic cord is the building unit of the liver and its formation is pivotal 

to chemical processing, metabolism, and serum protein-production functions of the liver.

The liver is made of lobes with specific shapes and sizes. The size of the liver is tightly 

controlled during development through adulthood. The size can be restored after injury or 

loss (e.g., partial hepatectomy) by regenerative processes within 10 days (Michalopoulos, 

1990; Monga et al., 2001). During medical intervention, repopulation of hepatocytes may be 

achieved by hepatocyte transplantation, bone marrow transplantation (Wang et al., 2002), or 

stem cell transplantation. Understanding the regulation of morphogenesis and hepatocyte 

repopulation is important but the mechanisms have not been evaluated yet.

The Wnt/β-catenin pathway has been shown to regulate multiple cell properties controlling 

morphogenesis, such as growth, axial polarity determination, and apoptosis. The 

accumulation of β-catenin leads to uncontrolled cell growth implicated in a broad range of 

tumors, such as hepatocellular carcinoma (HCC), breast cancer, lung cancer, ovarian cancer, 

colon cancer, synovial carcinoma, etc. (Polakis, 2000, Saito et al., 2000). β-Catenin plays a 

central role mediating the canonical Wnt/β-catenin signaling pathway (Jeng et al., 2000). A 

chicken β-catenin homolog was cloned (Lu et al., 1997) and ectopic expression of 

constitutively active β-catenin caused avian foot scale epidermis to grow feathers (Widelitz 

et al., 2000). This suggests its possible role in specifying cellular fates. Furthermore, 

alterations (missense mutations or interstitial deletions) of this gene are associated with 

hepatoblastoma (Wei et al., 2000). However, the fundamental function of β-catenin in early 

liver growth has not been established. During liver regeneration, it is one of the earliest 

affected genes, induced within 5 min (Monga et al., 2001). Therefore, it is important to 

investigate its expression and function during early liver development.

To study this, we chose the chicken liver as a model because of its remarkable accessibility 

to experimentation, in which molecules or chemicals can be added in ovo. At early 

developmental stages, embryos are transparent facilitating microinjections. We hypothesize 

that regulation of localized growth zone activities during liver morphogenesis gives rise to 

the mass and shape of the liver. To test this, we examined the location of proliferating cells 

in embryonic livers by staining for proliferating cell nuclear antigen (PCNA) at various 

times during liver development. We sought to study the molecular microenvironments that 

orchestrate the activity of the growth zone. In this study, we showed that β-catenin played a 

crucial role. Its dynamic expression pattern coincides with that of the localized growth zones 
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(LoGZ). Overexpression of a constitutively active β-catenin resulted in an expanded 

population of hepatocyte precursors and increased liver size. Furthermore, blocking its 

activity by overexpressing a dominant-negative LEF1 led to a decreased liver size. In 

addition, blockage of the canonical pathway by administration of DKK (Glinka et al., 1998) 

dramatically changed the size and shape of the liver. Understanding the molecular regulation 

of early liver development may help gain new insights into liver pathogenesis and aid in 

identifying potential targets for future therapy to curtail liver diseases.

Materials and methods

Histology and immunohistochemistry and in situ hybridizations

Embryos were sectioned to 5–6 Am and stained for H&E and immunohistochemistry as 

described (Jiang et al., 1998) with a few modifications. Immunohistochemistry was done 

using the automated Ventana Discovery™ system. Blocking solution contained 10% FBS/

0.5% BSA in PBS. Antibody dilution solution contained 2% FBS/0.1% BSA. The antibodies 

were anti-β-catenin (Sigma), anti-L-CAM, anti-PCNA (Chemicon), anti-tenascin-C (M1B4), 

anti-p19 (AMV-3C2) and anti-vimentin (H5) (developed by Fambrough and obtained from 

the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD 

and maintained by Department of Biological Sciences, The University of Iowa, Iowa City, 

IA 52242), anti-c-Myc (Research Diagnostic), and anti-HA (Santa Cruz).

Whole mount and section in situ hybridizations were used to detect mRNA levels from 

chicken embryos at different H&H stages (Hamburger and Hamilton, 1951). The whole 

mount in situ protocol was performed as described (Jiang et al., 1998). Some section in situ 

hybridization was performed using the automated Discovery™ system (Ventana Medical 

System) with recommended protocols.

Reverse transcription-polymerase chain reaction

mRNA was extracted with the RNeasy Protection kit (Qiagen). AMV reverse transcriptase 

(Roche Diagnostics) was used for reverse transcription (RT) and polymerase chain reaction 

(PCR) was performed using the protocol recommended by the manufacturer (Panvera). 

Primers used in Fig. 5 are as follows: replication competent avian sarcoma (RCAS) (a = 

sense: AGCCTGAAAGCAGAATA; b = antisense: GCAAGACTACAACAGTA), β-

catenin (c = sense: ATGGCAATCAAGAAAGTAAGC; d = antisense: 

GTACAACAACTGCACAAATAG), and GAPDH (e = sense: 

GGCGAGATGGTGAAAGTCG; f = antisense: CAGTTGGTGGTGCACGATG).

DiI injection

To trace liver cell movement during morphogenesis, E4 and E5 embryos were exposed. 

Lipophilic dye (1–2 μl) was microinjected into the surface of liver buds of different embryos 

in a reproducible way (checked by examining sections at time 0). Livers were isolated every 

6 h after labeling. The isolated livers were fixed in 4% PFA at 4°C for 16–18 h, washed in 

PBS twice for 5 min. The livers were kept in the dark until their fluorescence was monitored 

by confocal microscopy [The Microscopy Sub core at the USC Center for Liver Diseases 
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(NIH 1 P03 DK48522)]. Each time point presents a representative liver from three or four 

specimens.

Periodic acid Shiff (PAS) staining

To verify hepatocyte differentiation status, glycogen was detected using the PAS method 

(Warren and Hamilton, 1981) as recommended by the manufacturer (Sigma). Briefly, 

sections were deparaffinized, rehydrated, and immersed in Periodic Acid Solution for 5 min 

at room temperature (18–25°C). Slides were then rinsed and immersed in Schiff's reagent for 

15 min, counterstained with Hematoxylin Solution (Gill No.3), dehydrated, cleared, and 

mounted.

RCAS viral production

RCAS-truncated Xenopus β-catenin lacking the amino and carboxy termini was provided by 

Dr. Johnson (Capdevila et al., 1998). Virus was prepared as described (Jiang et al., 1998). 

Increased viral titers were obtained from supernatants after centrifugation at 12,000 rpm for 

30 min before the injection. RCAS-DKK was constructed using the RCAS Gateway system 

(Loftus et al., 2001).

In ovo microinjection

Each egg was sterilized with 70% ethanol and a 15- to 20-mm-diameter window was made. 

Stages 20–21 embryos were microinjected with 5–10 μl of virus into the body cavity 

between the developing heart and gizzard. The windows were closed with scotch tape and 

the eggs were placed back into the humidified incubator for three or more days.

Luciferase reporter gene assays

E6 liver cells (50,000) were plated in 24-well plates 16–18 h before transfection. 

Transfections were performed as described with Targefect F2 (Targeting systems) following 

the procedures recommended by the manufacturer. β-Catenin activity was assessed using a 

TCF-4 binding element (TBEs) directing expression of luciferase (He et al., 1998).

Results

The development of chicken liver and expression of molecular markers

Stages of liver development from E4 to E7 are shown in schematic representations (Fig. 

1A). We examined the livers from E4 to E7 (Fig. 1B). At E4 (H&H stage 24), the newly 

formed liver primordium was identified microscopically as a small, yellow-white bud 

adjacent to the heart and gizzard, situated to the right of the spinal cord. This liver 

primordium was composed of loosely arranged hepatocyte precursor cells (Fig. 1B, H&E). 

The parenchymal cells expressed extremely low levels of albumin, undetectable by in situ 

hybridization (Fig. 1B, albumin), but detectable by RT-PCR (not shown). Glycogen was 

also undetected (Fig. 1B, glycogen).

By E5 (H&H stage 26), the second lobe began to form (Fig. 1B, isolated liver, arrow). At 

this stage, the unorganized hepatocyte precursors formed groups of tightly adhered cells 

surrounded by spindle shaped endothelial cells (Fig. 1B, arrow in H&E). The loosely 
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organized hepatocyte precursors then arranged to become acini and eventually organized 

into tube-like hepatic cords (Fig. 1B, H&E, also see Fig. 8B). At the center of the liver lobe, 

moderate albumin expression surrounding the vitelline blood vessel started to be observed. 

Albumin was not detected in the periphery at this stage (Fig. 1B, albumin).

By E6 (H&H stage 28), the second lobe had formed and hepatocytes became more 

organized, forming smaller sinusoidal spaces close to the vitelline blood channel (Fig. 1B, 

H&E and arrowhead). Larger sinusoidal spaces remained at the periphery and growing tip 

(Fig. 1B, H&E and asterisk). More tightly organized parenchymal cells were observed, 

possibly through interactions with the spindle shape endothelial cells (Fig. 1B, H&E and 

arrow). Albumin expression levels increased and expanded but still remained low at the 

growing tip and the periphery (Fig. 1B, albumin and arrow). Glycogen was not detected at 

the periphery yet, but started to become positive at the center (Fig. 1B, glycogen, E6).

By E7 (H&H stage 29), the third lobe formed as a tiny bud, ventral to the second lobe (not 

shown). Histologically, the structure was similar to that seen at E6 but the number of 

hepatocytes was markedly increased. The hepatic cords were more organized than at E6 

(Fig. 1B, H&E). Albumin levels were higher, particularly at the center of the liver lobe (Fig. 

1B, albumin). However, at the growing tip, albumin expression levels remained low. The 

level of glycogen at the center of liver lobe was increased by E8 and became ubiquitous in 

the liver lobe at E15 (Fig. 1B, glycogen). These data suggest that differentiation started at 

the center of the liver lobe and gradually expanded to the periphery.

Identification of proliferative zones during liver development

The distribution of growth zones was next examined using a cell proliferative marker, 

PCNA. Interestingly, it shows a reciprocal expression pattern to that of albumin/glycogen. 

The antibody to PCNA first showed nuclear positive cells throughout the liver lobe at E4 

(Fig. 2, E4). By E6, PCNA gradually became negative in the center of the liver and 

proliferating cells were detected at the periphery and growing tip of the liver lobe (Fig. 2, 

E6). By E8, the peripheral growth zone started fragmenting with some segments devoid of 

proliferating cells (Fig. 2, Peri2) and others with more proliferating cells (Fig. 2, Peri1, 

Apex).

To trace the lineage of cells in the growth zone, DiI was used. DiI was injected into the 

surface of the developing liver primordia at E4 or E5 in ovo. At different times, livers were 

removed and examined by confocal microscopy. While some labeled cells remain at the 

injection site, most labeled cells shift positions toward the center, resulting from a possible 

combination of cell proliferation and migration (Fig. 3). It is consistent with the thought that 

cells in the peripheral growth zone give rise to cells in the parenchyma, although it does not 

rule out that parenchymal cells can also be generated elsewhere.

Molecular profile of the LoGZ

Next, in situ hybridization and immunostaining were used to see what molecules are 

expressed in the growth zones. L-CAM, vimentin, tenascin-C, and β-catenin were expressed 

in interesting patterns. At E4, L-CAM (E-cad-herin) was detected in the cytoplasm and cell 

membrane of the parenchyma. At E6, L-CAM was seen in the cell membrane and was more 
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intense in the periphery than the center of the liver (Gallin et al., 1983). At E8, staining 

continued to be more intense in the periphery than in the center and almost absent in the 

non-LoGZ (Fig. 4A). In general, in LoGZ, L-CAM is present in higher amounts and is in 

both cytoplasm and cell membrane. In the parenchyma and in the non-LoGZ periphery, L-

CAM is present in membrane form and more in the intercellular junctions.

Livers were then stained with mesenchymal cell markers to test their involvement in LoGZ 

activity. Interestingly, the growth zone hepatocyte precursors were sandwiched by two 

layers of mesenchymal cells that stain with vimentin and tenascin-C. At E4, vimentin was 

intense in the peripheral mesenchyme. At E6 and E8, vimentin is present in some intra-

hepatic flattened mesenchymal cells surrounding the parenchyma, including putative 

endothelial cells. It is absent in the peripheral mesenchyme where the localized growth zone 

disappeared at E8 (Fig. 4A). Tenascin-C, at E4, was weak and random, but absent in the 

peripheral mesenchyme that was positive for vimentin. At E6, tenascin clearly demarcated 

the peripheral growth zone by being present as a lamina on the side of the hepatocyte 

precursors that face the liver center (Fig. 4A). Tenascin-C was absent in the endothelium 

and other central areas. At E8, the characteristic tenascin expression pattern remained only 

in the mesenchymal cells of localized growth zone regions, but was completely negative in 

non-growth zone regions (Fig. 4A). At later stages, such as E15, the expression was absent 

in both growth and non-growth zones. Fibronectin was present in both the peripheral and 

inward mesenchymal cells. However, its presence was more ubiquitous and was present in 

both growth zone and non-growth zone regions (Table 1).

Among the many molecules analyzed by in situ hybridization, β-catenin was the major 

species that co-localizes and co-shifts with the localized growth zones. At E4, β-catenin 

mRNA was detected uniformly throughout the liver bud (Fig. 4B). At E5, the expression 

pattern gradually decreased in the center but remained at high levels in the periphery of the 

liver lobe (Fig. 4B). At E7, β-catenin expression was strongly localized to the periphery 

particularly at the growing tip when compared to the center area (Fig. 4B, small rectangular 

for center).

β-catenin protein was next detected by immunostaining (Fig. 4C). At E4, β-catenin was 

throughout the liver lobe. At E6, β-catenin was detected strongly in the periphery but 

became negative in the center. At E8, β-catenin was expressed in parts of the periphery, 

enriched in the apex and some of the periphery regions, but negative in some other periphery 

regions. Subcellularly, β-catenin is present in the membrane, cytoplasmic and nuclear 

regions. The diffuse cytoplasmic staining has dampened the nuclear staining appearance. 

Although not present in every cell, nuclear staining was observed (Fig. 4C, inset). In some 

regions, membrane staining is more intense between cells than on free cell surfaces, similar 

to L-CAM at this stage.

As β-catenin is downstream to some Wnt members, we also examined their expression. We 

detected Wnt 3a and Wnt 8b in the localized growth zone (Wnt 3a is shown in Fig. 4D, Wnt 

8b has similar pattern and is not shown). The activity of these Wnts are known to be 

mediated through the canonical pathway (Kengaku et al., 1998; Saitoh et al., 2002). On the 

other hand, Wnt 5a and Wnt 11 are also detected in the developing liver, but diffusely in 
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both the periphery and center (not shown). The activities of Wnt 5a and 11 are known to be 

mediated through the non-canonical pathways (Pandur et al., 2002; Weeraratna et al., 2002). 

Thus, β-catenin and some of the Wnts, which induce the canonical pathway member, are co-

localized with the LoGZ.

Overexpression of β-catenin produces enlarged livers with an expanded pool of 
hepatocyte precursors

To test the role of β-catenin in liver growth, β-catenin function was examined by introducing 

an exogenous, constitutively active β-catenin to chicken embryos using the RCAS retroviral 

vector (Figs. 5A, B). Virus was injected into the body cavity between the heart and gizzard 

where the liver starts at E3. The presence of virus introduced into the livers as confirmed by 

RT-PCR in isolated affected livers (Figs. 5C, D) and by staining for anti-AMV-3C2 (similar 

result as Fig. 7B, 3C2).

The major phenotype observed is the enlargement of the liver at both E10 and E15 (Fig. 

5A). The livers from the affected embryos contained more mass than the controls (Fig. 5E). 

The approximate weight increase was between 1.5- and 5-fold with P < 0.05. Some embryos 

with high infection show severe phenotypes and die prematurely before E15.

Next, the effects of ectopic β-catenin expression on hepatocyte morphology, cell 

proliferation, and differentiation were determined. E15 affected livers were analyzed (Fig. 

6A). Similar results were obtained from other stages examined. Morphologically, the 

transduced hepatocytes resembled those cells from normal livers at earlier stages (E4 or E5) 

and cells in the LoGZ later (E7, E8). The cells were either round or cuboidal, and the 

nucleus to cytoplasm ratio (v/v) increased compared to controls. They were arranged loosely 

and not well organized. While there were no signs of tumor formation, the accumulation of 

these cells disrupted normal hepatic cord formation. PCNA staining showed proliferation 

localized to the periphery of control livers, but more widely distributed in both the periphery 

and the parenchyma of transduced livers. Similarly, β-catenin is now present not only in the 

periphery but also as patches in regions of the parenchyma. The staining pattern changed 

from higher in the membrane to higher in the cytoplasm and nucleus.

L-CAM expression was also changed from a membrane-staining pattern to a cytoplasmic 

expression pattern, similar to those observed in undifferentiated hepatocytes at earlier times, 

such as E4 (Fig. 4A). c-Myc, normally present very weakly in the periphery, now was 

strongly expressed in patchy regions of both the periphery and parenchyma. c-Myc is known 

to be downstream to β-catenin (Ishigaki et al., 2002). Vimentin expressing mesenchymal/

endothelial cells were increased, but they were not as well organized as the controls, which 

formed nice sinusoidal spaces (Fig. 6A). Tenascin expression persisted in the periphery but 

become more diffusely expressed (Fig. 6A). Glycogen was diminished in affected livers 

compared to controls (Fig. 6A), suggesting that differentiation is inhibited in livers 

ectopically expressing constitutively active β-catenin. These results imply that hepatocytes 

may remain at an early precursor stage and do not differentiate appropriately in the presence 

of excess β-catenin activity.
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To determine whether the canonical β-catenin signaling pathway was active in these 

transduced cells, a TCF binding element (TBE) promoter–luciferase reporter construct was 

used (He et al., 1998). The results showed much higher activity in RCAS β-catenin-

transduced specimens (Fig. 6B). Together, these data suggest that ectopic β-catenin 

expression increased the proliferation potential of transduced cells, and the characteristics of 

these cells are similar to that of the LoGZ.

Suppression of β-catenin/Wnt pathway leads to small livers with under-developed 
hepatocytes

In contrast, in the loss of function studies, the affected livers showed the opposite results. 

Both RCAS-DNLEF1 and RCAS-DKK dramatically decreased the size and altered the 

shape of the livers (Fig. 7F; n = 9 and 6). The weights of affected embryos were compared at 

E13 (Fig. 7A, diagram; n = 3 and 2, respectively).

The liver cells in both RCAS-DNLEF1- and RCAS-DKK-affected livers seemed to have 

disruption of hepatic cord structure and failed to form sinusoidal spaces (Fig. 7B). Both 

affected livers showed decreased cell proliferation (judged by PCNA staining) and increased 

TUNEL-positive cells. This is consistent with the report that DNLEF1 was shown to induce 

caspase expression and apoptosis (Chen et al., 2003). The hepatocytes show reduced L-

CAM expression. They do differentiate to express glycogen, but the staining was not as 

uniform as in the control. Therefore, blocking the canonical β-catenin activity may have 

depleted hepatocyte precursor cell pools by a loss of balance among proliferation, 

differentiation, and apoptosis (Zechner et al., 2003), which resulted in smaller and unusual-

shaped liver lobes.

Discussion

Liver development can be studied at the level of morphogenesis and histogenesis. Initially 

all liver cells had a high proliferation rate, presumably to generate cells for liver primordia 

formation. In mice, the primordia invade the surrounding mesenchymal cells of the septum 

transversum and expand (Le Douarin, 1975; Rossi et al., 2001). In zebrafish, the liver cells 

aggregate and proliferate to form a liver bud (Field et al., 2003). In this work, we set out to 

study how new cells are added to the developing liver, and what molecular pathways may be 

involved using the chicken model. The study is consistent with the hypothesis that newly 

generated hepatocyte precursors are added to the outer layer of the primordia and later, at 

places where LoGZ activities remain. With both overexpressing and functional blocking 

studies, we showed β-catenin plays a critical role in keeping the LoGZ active, that is, 

keeping the hepatocyte precursors in a proliferative and undifferentiated status longer, and 

thereby enlarging liver mass in those loci. Indeed, blocking β-catenin activity resulted in 

much smaller-sized livers with a depletion of the hepatocyte precursors.

Identifying the dynamically shifting growth zones during chicken liver development

In general, organ morphogenesis relies on the temporal and spatial distribution of cell 

proliferation, cell adhesion, cell death, cell differentiation, and cell organization. For 

example, the localized growth zone in the limb bud is in the distal limb bud and the duration 
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of its activity determines the length of the limb (Johnson and Tabin, 1997; Tickle and 

Wolpert, 2002). In feathers, the growth zones are first localized in the distal feather bud, 

then become proximally located in the follicle, and finally reside in the barb ridge. Thus, 

LoGZ helps to build the shape of skin appendages by adding cells at specific locations at 

specific times (Chodankar et al., 2002; Chuong et al., 2000).

The liver has a peculiar but reproducible shape and size (Gumucio et al., 1996). If all cells in 

the developing liver have the same proliferative rate, the liver would end up with a ball-like 

morphology, as seen in some hepatomas. Since this is not the case, there must be some 

differential growth based on the LoGZ in the developing liver. The liver LoGZ has not been 

identified or characterized. Therefore, we focused on identifying these LoGZ and 

characterizing their molecular basis and roles in liver development. At particular stages 

during liver development, the liver mass seems to be controlled precisely and tightly 

(reviewed in Michalopoulos, 1990, our unpublished data for chicken). However, some 

regions grow unevenly, producing the characteristic shape of liver lobes. In regions where 

LoGZ activity is maintained, a layer of proliferating hepatocytes is left at the periphery and 

the liver lobe will expand in this locus. By E7, the LoGZ became “segmented” and was 

more prominent in the ventral versus the dorsal surface. These results support the model that 

the spatial and temporal positioning of the LoGZ in the developing liver primordia helps to 

define the final shape and size of the liver.

β-Catenin maintains the activity of the LoGZ that modulates the liver size

β-Catenin regulates cell proliferation (Monga et al., 2003; Orford et al., 1999). The 

expression pattern of β-catenin was initially all over the liver, then became limited to the 

periphery, and finally became restricted to the liver lobe tips. This parallels the shifting 

LoGZ activity (Fig. 8A). Therefore, it is reasonable to hypothesize that the β-catenin 

pathway is involved in the function of the LoGZ. We postulate that β-catenin acts as an 

activator of proliferation during early hepatogenesis to establish the liver mass. In the LoGZ, 

immunostaining showed that β-catenin protein is localized in the cell membrane, cytoplasm, 

and nucleus. They appear to reach equilibrium without dominant nuclear staining, 

suggesting that the role of β-catenin here is both adhesion and transcriptional. In the more 

mature liver parenchyma cells toward the center, β-catenin protein was much stronger in the 

cell membrane, suggesting the predominant function here may be related to cell adhesion, 

such as the rearrangement of hepatoblasts into liver cords. In the most mature hepatocytes, 

β-catenin staining disappears. At E8, regions of strong β-catenin expression became 

restricted to the tip and some segments of the developing lobes.

In the present work, we were able to test the specific roles of β-catenin using the chicken 

model. Overall, the liver can increase 3-fold in weight by overexpressing β-catenin. In some 

cases, it leads to the formation of an expanded lobe. Analyses showed that expanded cell 

populations are highly positive for PCNA, c-Myc, but lack glycogen. These data combined 

with the enhanced expression of L-CAM suggest that these cells may represent an expanded 

pool of early hepatocyte precursors. These cells did not resemble tumor cells because they 

did not show abnormal mitosis, locus formation, or invasion.
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The ability of β-catenin to increase cell proliferation has been shown. In the mouse, 

suppression of β-catenin reduced liver cell proliferation (Monga et al., 2003). β-Catenin in 

conjunction with a LEF/Tcf co-transcription activator induces c-Myc and cyclin-D1 

expression (Utsunomiya et al., 2001), hence increasing cell number. Transgenic mice, 

expressing a stabilized β-catenin form from an endolase promoter, gave rise to 

hepatomegaly (Cadoret et al., 2001). Additionally, β-catenin expressed from adenovirus was 

shown to cause hepatomegaly (Harada et al., 2002). During liver regeneration, β-catenin 

promotes proliferation required to restore liver mass after partial hepatectomy (Monga et al., 

2001). Indeed, liver cell proliferation was shown to be dependent on the expression of β-

catenin in vitro (Monga et al., 2003). While β-catenin may be important for liver growth, the 

deregulation of its activity can lead to carcinogenesis. Mis-regulation of β-catenin has been 

shown to lead to transformation and tumorigenesis (Polakis, 2000). In contrast, reducing β-

catenin activity by DN-LEF1 or DKK led to a reduction in liver size. Pathological analyses 

showed reduced cell proliferation, and affected cells are defective in their control of growth, 

apoptosis, and differentiation.

Micro-environment of localized growth zone and histogenesis of the liver

Hepatocyte precursor cells proliferate in the growth zone, and are sandwiched by the 

mesothelial cells on the outside and tenascin-C positive mesenchymal cells inside (Fig. 8B). 

When a certain threshold is reached, cells start to arrange themselves and progress toward 

differentiated hepatocytes, while cells remaining in the growth zone still express higher β-

catenin levels, retain their high proliferation rate and possible pluripotentiality. Thus new 

cells are added to the outer layer of the primordia, and the whole liver lobe continues to 

grow in size.

How are cell fates in the growth zone regulated? We contend that growth control is 

regulated by epithelial–mesenchymal interactions between the growth zone hepatocytes and 

the adjacent two types of mesenchymal cells. When ready, hepatocyte precursors generate 

cells that may leave the growth zone that are displaced inward. Our DiI-labeled experiments 

are consistent with this proposed transition. These early hepatoblasts are progressively 

organized first into acini, then into a cord configuration (Fig. 8B). This must involve 

changes in adhesion molecules. For example, tenascin-C positive mesenchymal cells are 

selectively high beneath the growth zone cells but are absent in regions where growth has 

subsided. Tenascin has been shown to be a de-adhesion molecule and may play a role to 

allow cell rearrangement and active morphogenesis (Murphy-Ullrich, 2001).

L-CAM (chicken E cadherin; Gallin et al., 1983) is detected in both the cytoplasm and cell 

membrane of hepatocyte precursors in the LoGZ. Since the cytoplasmic E-cadherin domain 

can bind β-catenin, it is possible that L-CAM expression also helps to regulate the level of β-

catenin by binding to its cytoplasmic tail, hence modulating the β-catenin pool. In the 

parenchymal cells immediately subjacent to the growth zone, both L-CAM and β-catenin 

become intensified at sites with cell–cell surface interactions and reduced in free cell 

surfaces. This change of cell adhesion allows cells to move from a homogenous adhesive 

environment to one with enhanced adhesion in polarized subcellular regions (Sorkin et al., 

1991). It is probably a prelude to cellular rearrangements required to build the liver 
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architecture (Jamora et al., 2003). Indeed, overexpressing DN-LEF1 or DKK could turn off 

the expression of L-CAM and resulted in a lack of hepatic cord formation.

The elongations of the limb and feather are driven by specific localized growth zones. In this 

work, we show that the expansion of the liver is also driven by temporally and spatially 

specific growth zone activity. We further showed the activity of β-catenin is critical for this 

activity. However, there are likely to be more molecules involved in regulating this growth 

zone activity. The current work sets the groundwork for these future studies.
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Fig. 1. 
Development of the chicken liver. (A) Schematic drawing of chicken liver development. (B) 

Liver morphology shown in the isolated livers, the H&E sections at 10× (H&E left column) 

and 100× (H&E right column) from E4 to E7, the in situ hybridization of albumin-mRNA of 

corresponding stages at 20× (Albumin), and the glycogen expression detected by PAS 

staining from E4, E6, E8, and E15, respectively (Glycogen). The H&E staining shows the 

progression of the hepatocytes forming the hepatic cords as the liver grows. E5, isolated 

liver, arrow indicates newly formed second lobe. E5, H&E, arrow indicates endothelium. 

E6, H&E, asterisk indicates large sinusoids in growing tip. Arrowhead indicates smaller 

sinusoids. Arrow indicates endothelium. E6, Albumin, arrow indicates liver periphery.
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Fig. 2. 
Identification of the LoGZ during liver development. Immunohistochemistry of PCNA 

staining at E4, E6, and E8. PCNA is all over in early liver stages but becomes restricted to 

several localized growth zones in the periphery and apex at later stages. Schematic drawings 

show the locations of the panels taken. Peri (periphery) 1 represents localized growth zones. 

Peri2 represents regions without growth zone activity. Scale bars, 20 μm.
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Fig. 3. 
Use of DiI labeling to trace the lineages of cells in the localized growth zones. E4 and E5 

embryo livers were labeled with lipophilic-fluorescent dye DiI and the livers were isolated at 

specified time points. Specimens were collected at time zero (T0), 6, 12, 24, 30, and 72 h, 

respectively. The liver specimens were observed with a confocal microscope. The pictures 

represent the maximum projection, in which all the planes (X, Y, and Z) are combined by 

computerization. Injection sites were marked with a yellow arrow and the surface of the 

liver lobe with green lines. As time progresses, labeled cells become more widely and 

inwardly distributed. Note that a few labeled cells remain at the injection site. Size bar is 25 

μm for E4 and 100 μm for E5. The microinjection diagram was not drawn to scale.
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Fig. 4. 
Molecular expression during hepatogenesis. (A) Immunohistochemical localization of L-

CAM, vimentin, and tenascin-C at E4, E6, and E8. (B) The expression of β-catenin 

transcripts at E4, E5, and E7. The inset in (B) at E7 was a higher magnification view of the 

center of the liver lobe from the left column. (C) The expression pattern of β-catenin 

proteins at E4, E6, and E8, respectively. The nuclear staining was observed (inset). (D) The 

expression of Wnt 3a transcripts at E7. Each of these micrographs was chosen as 

representative from at least three independent samples. Panels A and C are 

immunohistochemistry and brown colors are positive. B and D are in situ hybridization and 

blue colors are positive. Peri1 represents localized growth zones and Peri2 represents 

regions without growth zone activity as shown in the schematic drawing. Note the difference 

in the expression patterns in the parenchymal center, Peri1, and Peri2. Scale bar, 20 and 100 

μm.
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Fig. 5. 
Effects of overexpressing β-catenin in developing chicken liver. (A) RCAS-control and 

RCAS-β-catenin transduced livers were isolated at E10 (upper row) and E15 (lower row), 

respectively. Scale bar, 1 mm. (B) Upper diagram of wild type with phosphorylation sites 

(light grey, PPP), armadillo repeats (grey), and cytoplasmic tail (blank) and lower diagram 

of constitutively active β-catenin, lacking N- and C-termini. (C) RT-PCR of β-catenin and 

glyceraldehydes 3-phosphate dehydrogenase (GAPDH) for the control (1) and affected (2) 

livers. (D) Transduction of RCAS-β-catenin was further verified by two sets of RT-PCR 

experiments. cDNAs in lanes 2–5 were amplified with RCAS primers. cDNAs in lanes 6–7 

were amplified with sense-RCAS and antisense-β-catenin primers. The size of the PCR 

products from the wild type and truncated β-catenin are indicated (arrows). Lane 1, 

molecular weights markers; lane 2, wild-type liver cDNA; lane 3, RCAS-β-catenin plasmid; 

lane 4, affected liver cDNA; lane 5, affected limb cDNA; lane 6, affected liver cDNA; lane 

7, RCAS-β-catenin plasmid. The inset is a diagram representing the RCAS-β-catenin 

plasmid and the primers used for PCR. (E) The change of liver weights was quantified. The 

means of the liver weights at E7 (n = 3), E10 (n = 4), and E15 (n = 1) were graphed (P < 

0.05; paired t test).
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Fig. 6. 
Effects of over-expressing β-catenin on cell morphology, proliferation, and differentiation. 

(A) Sections from control (left) and RCAS-β-catenin over-expressing livers (right) were 

stained by H&E and with antibodies against PCNA, β-catenin, L-CAM, c-Myc, vimentin, 

and tenascin-C. Glycogen was detected by PAS staining. The architecture of the affected 

livers was disrupted, and the well-organized hepatic cords in controls were not observed. 

Cells become rounder and less differentiated. The border of the liver is marked by a yellow 

dotted line. (B) The constitutive activity of β-catenin was tested with TCF-4 binding element 

(TBE)-linked luciferase. The plasmids were transfected into liver cells with or without 

RCAS-β-catenin. The constitutively active β-catenin gave a markedly high expression level 

of luciferase. Mut-TBE + LacZ = the liver cells transfected with mutant TCF-luciferase and 

the control RCAS-LacZ plasmids; and WT-TBE + LacZ = liver cells transfected with wild-

type TCF-luciferase and the control RCAS-LacZ plasmids. Mut-TBE + β-Cat = liver cells 
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transfected with mutant TCF-luciferase and RCAS-β-catenin plasmids; WT-TBE + β-Cat = 

the liver cells transfected with wild-type TCF-luciferase and RCAS-β-catenin plasmids.
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Fig. 7. 
Effects of blocking β-catenin activity by DKK and DNLEF1 in developing chicken liver. 

(A) Livers from controls, RCAS-DNLEF1, and RCAS-DKK. The diagram on the right 

shows the comparison of weights (n = 5). (B) Effects of blocking β-catenin on cell 

morphology, proliferation, and differentiation. Sections from control (left), RCAS-DNLEF1 

(middle), and RCAS-DKK (right) were analyzed with H&E and stained with antibodies 

against PCNA, β-catenin, and L-CAM. Presence of glycogen and TUNEL were also 

analyzed. To verify viral transduction, the same areas analyzed for RCAS-DNLEF1 and 

RCAS-DKK were also stained with antibody 3C2 to viral protein, and antibodies to HA tage 

on RCAS-DKK.
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Fig. 8. 
β-catenin in the morphogenesis and histogenesis of the liver. (A) Morphogenesis. Schematic 

showing the distribution of β-catenin corresponds to the LoGZ. β-Catenin expression was 

up-regulated where the liver was induced at E2 (a), increased throughout the liver bud at E4 

(b), shifted to the periphery at about E6 (c), and then became restricted to specific growth 

zones at about E8 (d). The strategic location of LoGZ can influence the shape and size of the 

liver (e). Elevated expression of β-catenin leads to overall enlarged livers (f) or an expanded 

growth tip (g, less frequency). Blocking β-catenin activity leads to a reduction in size of the 

liver (h). (B) Histogenesis. Schematic diagram shows the arrangement of hepatocytes and 

precursors (blue color) from the periphery to the center of the liver (in the indicated 

rectangular area from A). At the periphery in the LoGZ, the proliferating hepatocyte 

precursors are not yet organized and are flanked by an outside layer of flat layer cells 

(green) and an inside layer of mesenchymal cells (red color) (a). At stage b, cell clusters 
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begin to form and are organized into acini in the subperipheral area (c). Toward the center 

the liver, the hepatocytes are organized into hepatic cords and the cords are sandwiched by 

endothelial cells (d).
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