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Abstract

Liver is a prime organ responsible for synthesis, metabolism, and detoxification. The organ is 

endodermal in origin and its development is regulated by temporal, complex, and finely balanced 

cellular and molecular interactions that dictate its origin, growth, and maturation. We discuss the 

relevance of endoderm patterning, which truly is the first step toward mapping of domains that 

will give rise to specific organs. Once foregut patterning is completed, certain cells within the 

foregut endoderm gain competence in the form of expression of certain transcription factors that 

allow them to respond to certain inductive signals. Hepatic specification is then a result of such 

inductive signals, which often emanate from the surrounding mesenchyme. During hepatic 

specification bipotential hepatic stem cells or hepatoblasts become apparent and undergo 

expansion, which results in a visible liver primordium during the stage of hepatic morphogenesis. 

Hepatoblasts next differentiate into either hepatocytes or cholangiocytes. The expansion and 

differentiation is regulated by cellular and molecular interactions between hepatoblasts and 

mesenchymal cells including sinusoidal endothelial cells, stellate cells, and also innate 

hematopoietic elements. Further maturation of hepatocytes and cholangiocytes continues during 

late hepatic development as a function of various growth factors. At this time, liver gains 

architectural novelty in the form of zonality and at cellular level acquires polarity. A 

comprehensive elucidation of such finely tuned developmental cues have been the basis of 

transdifferentiation of various types of stem cells to hepatocyte-like cells for purposes of 

understanding health and disease and for therapeutic applications.

Anteroposterior Endoderm Patterning

The patterning of the endoderm along the anterior-posterior axis is necessary for proper 

development of endoderm-derived organs, such as the liver. During gastrulation and early 

somitogenesis, the endoderm is patterned into the foregut, midgut, and hindgut along the 

anterior-posterior axis by signaling factors secreted from the adjacent mesoderm. The 

fibroblast growth factor (FGF), Wnt, bone morphogenic protein (BMP), and retinoic acid 

(RA) signaling pathways are implicated in this patterning: FGF (30, 152), Wnt (41, 86), and 
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BMP (146, 153) signaling promote posterior endoderm development, and RA (62) signaling 

is essential for proper foregut-hindgut boundary formation. In the posterior endoderm, FGF4 

and Wnts from its surrounding mesoderm suppress foregut fate and promote hindgut fate; 

however, in the anterior endoderm, the suppression of these signaling results in foregut fate 

(30, 41, 86, 152). In Xenopus, Wnt signaling appears to be repressed by a secreted Wnt 

inhibitor Sfrp5 to maintain foregut fate in the anterior endoderm and to allow for subsequent 

liver development (73).

If foregut patterning does not occur properly, the liver that derives from the foregut 

endoderm does not form properly. For example, suppression of Wnt/β-catenin signaling 

during early somitogenesis makes posterior endodermal cells adopt foregut fate, resulting in 

the ectopic expression of the foregut marker Hhex and later liver markers in the intestine 

(86). Overactivation of Wnt/β-catenin signaling makes anterior endodermal cells adopt 

hindgut fate, resulting in a failure of liver formation (86). Suppression of RA signaling 

blocks liver formation in zebrafish, whereas enhancement of RA signaling results in the 

anterior expansion of the liver (133). Moreover, in zebrafish embryos deficient for the RA-

synthesizing enzyme retinaldehyde dehydrogenase 2, the liver fails to form due to 

inappropriate endoderm patterning (133). Although RA signaling does not influence early 

liver development in Xenopus or chick (132), these zebrafish data reiterate the importance 

of proper endoderm patterning for subsequent liver development.

Hepatic Competence

Hepatic competence means an ability to respond to hepatic inducing signals, thereby 

inducing liver specification. Only the cells retaining hepatic competence can give rise to 

hepatoblasts. Hepatic competence has been principally analyzed at the level of pioneer 

transcription factors that can modulate the local chromatin structure (159–163) moreover, its 

regulation at other levels has recently been suggested (113, 122).

Pioneer transcription factors first bind and open the chromatin structure

FOXA (23, 24) and GATA (13, 23) transcription factors have been defined as pioneer 

transcription factors that confer hepatic competence due to their occupancy of the albumin 

(Alb) gene enhancer prior to liver specification and their ability to bind and open the 

compacted chromatin (Fig. 1). By investigating the occupancy on this enhancer in 

embryonic liver buds and the endoderm in which Alb is not expressed yet, it was revealed 

that two binding sites for FOXA and GATA factors are occupied in the foregut endoderm 

before Alb is expressed (13) and even in the dorsal endoderm that normally gives rise to the 

intestine (14). Since FOXA transcription factors have the ability to bind to their target sites 

in the compacted chromatin and locally open it, their binding permits subsequent binding of 

additional factors that cannot bind to the compacted chromatin by themselves (23). In breast 

cancer cells, FOXA1 binding relieves chromatin condensation and allows estrogen receptors 

to bind to local estrogen-responsive elements (19), providing another example to show that 

FOXA factors function as pioneer transcription factors. Mouse knockout data have 

demonstrated the essential role of FOXA transcription factors in hepatic competence (69). 

Liver-specific genes are not expressed in Foxa1 and Foxa2 double knockout mice, and 

importantly their expression was not induced in the explant cultures of the foregut endoderm 
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isolated from the knockout embryos in the presence of FGF2, the hepatic inducing signal 

(69).

GATA4 can bind to the compacted chromatin and open it, but it is less effective than 

FOXA1 (23). Since FOXA genes are expressed earlier than Gata genes in the endoderm 

during development (3, 63, 92), it appears that FOXA factors first bind to their target site in 

the compacted chromatin, and help GATA factors bind to the adjacent target site, thereby 

stably opening the compacted chromatin (23). Gata4 and Gata6 are expressed in the foregut 

endoderm, suggesting that these two genes redundantly regulate hepatic competence. Liver 

specification is not compromised in Gata4 (150) or Gata6 (168) single knockout mice 

although the liver bud fails to expand in these mutant embryos. The double knockout data 

are needed to determine whether GATA factors are required for hepatic competence. In 

zebrafish, single knockdown of Gata4 or Gata6 greatly reduced the size of transferrin-

positive liver buds, whereas double knockdown of these genes resulted in no expression of 

transferrin (46). These zebrafish data also suggest the redundant roles of GATA factors in 

liver specification.

Broader endodermal regions retain hepatic competence

The FOXA and GATA hepatic competence factors are expressed not only in the ventral 

foregut endoderm but also in the dorsal endoderm, which is posterior to the foregut 

endoderm and normally does not give rise to the liver (3, 67, 93). These expression patterns 

and data from mouse explant culture studies suggest that the dorsal endoderm also retain 

hepatic competence (14, 43). When the dorsal endoderm was isolated between embryonic 

days (E) 8.5 and E11.5, and cultured free from its surrounding mesoderm, it could be 

induced to express Alb (14, 43). These data suggest that the dorsal endoderm retains hepatic 

competence and that mesodermal tissues adjacent to the dorsal endoderm suppress liver 

specification. The dorsal mesoderm eventually appears to lose hepatic competence as it 

could not be induced to express Alb when isolated at E13.5 and beyond (14). Recent 

zebrafish studies also demonstrated that endodermal regions posterior to the liver-forming 

region, which is equivalent to the murine dorsal endoderm, retain hepatic competence during 

development (122). When Wnt8a, a hepatic inducing signal, was overexpressed in entire 

tissues under the control of the heat-shock promoter, ectopic hepatoblasts, and later 

hepatocytes were present in the posterior endoderm. The extent of ectopic hepatocyte 

formation upon Wnt8a overexpression is gradually reduced as embryos develop, and the 

posterior endoderm eventually loses hepatic competence (122). Both the mouse explant 

culture studies and the zebrafish in vivo studies indicate that broader endodermal regions, in 

particular the dorsal endoderm, possess hepatic competence.

Signaling pathways regulate hepatic competence

In addition to the pioneer transcription factors, signaling pathways are implicated in hepatic 

competence. GATA4 expression in mouse foregut endoderm explants was greatly reduced 

by the BMP inhibitor noggin (112), suggesting that BMP signaling plays a positive role in 

hepatic competence. In addition, BMP signaling appears to regulate hepatic competence in 

zebrafish (22). Bmp2b is expressed in the lateral plate mesoderm (LPM) surrounding the 

endoderm before liver specification occurs in zebrafish (Fig. 2). Bmp2b signaling represses 
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Pdx1 expression in endodermal cells adjacent to the LPM, thereby permitting Pdx1-negative 

endodermal cells to give rise to hepatoblasts (22). Intriguingly, BMP signaling was recently 

reported to be implicated in the regulation of histone modifications. BMP signaling via 

SMAD4 recruits histone acetyltransferase P300, results in histone acetylation at liver target 

elements, and enhances liver gene activation (154). Although FOXA1 can bind to the 

compacted chromatin, it does not bind most of its target sites in the chromatin, suggesting 

that certain histone modifications may prevent or allow FOXA1 binding to the sites (77). 

Thus, BMP signaling may regulate hepatic competence, in part, by enhancing histone 

acetylation, which can influence FOXA1 binding.

In addition to BMP signaling, FGF signaling has been recently implicated in the regulation 

of hepatic competence. The extent of ectopic hepatocyte formation upon Wnt8a 

overexpression in zebrafish is gradually reduced as embryos develop, but this reduction is 

greatly delayed in fgf10a mutant embryos (122). fgf10a is expressed in the LPM surrounding 

the posterior endoderm in which ectopic hepatoblasts are induced upon Wnt8a 

overexpression. Blocking Ras activity resulted in the same phenotype as seen in fgf10a 

mutants, indicating Ras is downstream of FGF10a signaling in the regulation of hepatic 

competence (122).

Hepatic competence can be regulated at multiple levels

Although hepatic competence has been mainly understood at the level of pioneer 

transcription factors, it can be regulated at multiple levels. To respond to hepatic inducing 

signals, the ligands should first bind to their receptors in responding endodermal cells. The 

regulation of the expression of the receptors and the secreted inhibitors can influence the 

ligand-receptor binding, suggesting the regulation of hepatic competence at the ligand-

receptor binding level. Upon the binding, signals are transferred from the membrane to the 

nucleus through the intracellular signaling components. The regulation of these components 

could also influence hepatic competence. In the nucleus, the local chromatin structure of 

regions containing hepatoblast genes can influence binding of transcription factors/

cofactors. If they cannot bind to their target sites in the enhancer/promoter regions, liver 

specification will not occur. Thus, histone modifications and DNA methylation that affect 

chromatin structure could regulate hepatic competence. Histone acetylation mediated by 

P300 has recently been implicated in liver gene activation (154). Pioneer transcription 

factors also change chromatin structure by opening compacted chromatin. Furthermore, 

hepatic competence can be regulated at the level of the corepressors, coactivators, and other 

transcription factors that can regulate the expression of hepatoblast genes. The GRG3 

corepressor can repress hepatic competence through binding to FOXA transcription factors, 

thereby recruiting the corepressor to FOXA target genes and creating a compacted 

chromatin structure (113).

Liver Specification (Hepatic Induction)

Endodermal cells that possess hepatic competence can give rise to hepatoblasts only if they 

receive hepatic inducing signals (99, 159–161, 163, 164). Three hepatic inducing signals, 

FGF, BMP, and Wnt, have been identified so far (Fig. 1). These signals appear to be 

expressed in the mesoderm adjacent to the ventral foregut endoderm. The mesoderm that 
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secretes hepatic inducing signals is the cardiac mesoderm and septum transversum 

mesenchyme (STM) in mice, and the LPM in zebrafish. Although mesodermal tissues that 

secrete hepatic inducing signals are not the same between mouse and zebrafish, they are 

adjacent to the ventral foregut endoderm during liver specification. Therefore, specification 

occurs in a specific, discrete region of the endoderm although a much broader endodermal 

region retains hepatic competence.

FGF signaling plays an inductive role in liver specification

Classic chick transplantation experiments suggested that the cardiac mesoderm possesses 

hepatic inducing signal(s) (68). Transplanted foregut endoderm developed into the liver 

when it was close to the cardiac mesoderm. However, it did not develop into the liver when 

it was close to the other mesodermal tissues. About 25 years later, Dr. Zaret’s group 

identified that FGF is the hepatic inducing signal from the cardiac mesoderm (53). FGF 

ligands, FGF1 and FGF2, but not FGF8, could replace the cardiac mesoderm to induce Alb 

expression from the foregut endoderm in mouse explant cultures. Moreover, the soluble 

extracellular domains of FGF receptors efficiently blocked Alb induction (53). The role of 

FGF signaling in liver specification was confirmed in chick (166) and zebrafish (123). Chick 

explant culture studies showed that several FGFs including FGF1 and FGF2 could substitute 

for the cardiogenic mesoderm to induce HHEX and ALB expression from the anterior lateral 

endoderm and that the treatment of the FGF receptor inhibitor could block ALB induction 

(166). In zebrafish, blocking FGF signaling via overexpression of the dominant-negative 

form of Fgfr1 resulted in the great reduction or absence of the expression of the hepatoblast 

markers hhex and prox1 in the liver-forming region (123). Among several FGF downstream 

signaling pathways, the mitogen-activated protein kinase (MAPK) pathway is essential for 

liver specification (18). Chemical inhibitors that suppress the MAPK pathway could block 

Alb induction in mouse tissue explant and whole-embryo cultures, whereas inhibitors that 

suppress the PI3K pathway could not do it (18).

Mouse explant culture studies have further suggested that different thresholds of FGFs are 

used to induce hepatoblasts and lung progenitor cells from the ventral foregut endoderm 

(121). A low concentration of FGF2 (5 ng/mL) induces Alb expression, whereas a high 

concentration (50–500 ng/mL) induces the expression of the lung progenitor marker Nkx2.1, 

but not Alb. Based on the induction timing of liver and lung markers and the intensity of 

FGF expression in the heart, it was hypothesized that endodermal cells close to the cardiac 

mesoderm at the 6 to 7 somite stage are exposed to a low concentration of FGF and give rise 

to hepatoblasts due to the low level of FGF expression in the cardiac mesoderm at this stage. 

However, at the 7 to 8 somite stage, the cardiac mesoderm expresses more FGF, so that 

endodermal cells close to the cardiac mesoderm are exposed to a high concentration of FGF 

and give rise to lung progenitor cells (58).

In spite of explant culture and some in vivo studies, FGF ligands and receptors responsible 

for liver specification have not been identified yet. So far, there is no report about any single 

or compound FGF ligand or receptor mutants, which show a defect in liver specification. 

Since several FGF ligands and receptors are expressed in the cardiac mesoderm and the 

foregut endoderm (27, 53, 135, 137, 166, 169), the absence of one or two FGF ligands or 
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receptors could be compensated by the presence of other FGF ligands or receptors. 

Therefore, the analysis of multiple compound mutants is needed to identify FGF ligands and 

receptors essential for liver specification.

BMP signaling is also required for liver specification

In addition to FGF, BMP emanating from the STM is also required for liver specification. 

Initial explant culture studies (53) did not identify BMP as a hepatic inducing signal because 

dissected foregut tissues always contained septum transversum mesenchymal tissues. 

Subsequent explant culture studies (112) showed that noggin treatment blocked Alb 

induction in the foregut endoderm cocultured with the cardiac mesoderm, revealing the 

crucial role of BMP signaling in liver specification. BMP2, 4, and 7 rescued the induction 

failure, suggesting that these BMP ligands can induce liver specification. Bmp2 and Bmp4 

are expressed in the STM, but not in the foregut endoderm, when liver specification occurs 

in mice (112), indicating the STM as a BMP source. The essential role of BMP signaling in 

liver specification was confirmed in chick (166) and zebrafish (123). Pellets of noggin-

expressing cells implanted into chick embryos blocked HHEX expression in endodermal 

cells close to the pellets, whereas BMP2-containig beads ectopically induced HHEX 

expression in the endoderm adjacent to beads implanted just posterior or lateral to the 

endogenous HHEX expression domain, but not other endodermal regions (166). Blocking 

BMP signaling in zebrafish, by the overexpression of the dominant-negative BMP receptor 

after early somitogenesis, abolished or greatly reduced hhex and prox1 expression (123).

A liver bud does not form in Bmp4 mutant mice; however, endodermal thickening, the first 

morphological indication of liver specification, occurs with a significant delay (112). In 

addition, Alb is expressed in the mutant ventral foregut endoderm although its level is much 

lower in the mutants than wild-type (112). These data indicate that liver specification does 

occur in Bmp4 mutants but subsequent proliferation and migration are blocked. Since Bmp2 

expression pattern is quite similar to Bmp4 (78) and BMP4 can induce Alb expression in 

vitro (112), Bmp2 could potentially compensate for the lack of Bmp4 in the mutants. The 

analysis of Bmp2 and Bmp4 double mutant mice is needed to test this hypothesis.

Wnt is a novel hepatic inducing signal

An unbiased forward-genetic screen in zebrafish led to the identification of wnt2bb mutants 

that have very small or no liver buds (101) (Fig. 2). Prox1 expression is greatly reduced in 

this mutant, and overexpression of the dominant-negative Tcf blocked liver formation, 

suggesting the positive role of Wnt/β-catenin signaling in liver specification (101). The 

presence of hhex and Prox1 expression, although delayed and greatly reduced, as well as 

liver recovery in this mutant suggested that other Wnt ligands might compensate for the 

absence of Wnt2bb. Wnt2 knockdown in wnt2bb mutants blocked liver recovery and 

importantly resulted in no hhex expression in the liver-forming region (107), indicating the 

essential role of Wnt signaling in liver specification. Both wnt2 (107) and wnt2bb (101) are 

expressed in the LPM adjacent to the liver-forming region. wnt2bb is expressed earlier than 

wnt2, which may explain delayed liver formation in wnt2bb mutants.
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Since Wnt signaling promotes the posterior endodermal fate and suppresses the anterior 

endodermal fate during gastrulation and early somitogenesis (86), Wnt signaling should be 

suppressed in the anterior endoderm during these stages to permit liver formation later. 

However, after anteroposterior endoderm patterning is established, Wnt signaling positively 

regulates liver specification. When β-catenin signaling was activated in the Xenopus 

endoderm from Stage 11 (midgastrula) or 20 (6–7 somite stage), the expression of the liver 

marker for1 was greatly reduced. In contrast, when β-catenin signaling was activated from 

Stage 30, for1 expression was greatly expanded (86). In addition, when β-catenin signaling 

was repressed in the endoderm from Stage 30, for1 expression was greatly reduced (86). 

These opposite roles of Wnt/β-catenin signaling in liver formation during development are 

also observed in zebrafish (41). A recent study in mouse liver and pancreas specification 

showed that BMP signaling represses Hnf6 expression at the 3 to 4 somite stage, whereas it 

induces the expression at the 5 to 6 somite stage, (148), emphasizing the importance of 

developmental timing in understanding roles of signaling pathways.

Wnt/β-catenin signaling is not only necessary but also sufficient for liver specification. 

Gain-of-function studies in zebrafish showed that overexpression of Wnt2bb (107) or Wnt8a 

(122) in entire tissues induced ectopic hepatoblast and hepatocyte formation in the posterior 

endoderm that normally gives rise to the intestine. Xenopus studies also showed that the 

activation of β-catenin signaling in the endoderm resulted in ectopic liver marker expression 

in the posterior endoderm. Intriguingly, overexpression of Bmp2b or the constitutive-active 

form of Fgf receptors did not induce ectopic hepatoblasts in zebrafish (122), suggesting that 

BMP and FGF signaling are necessary, but not sufficient, for liver specification.

Although zebrafish and Xenopus data reveal the essential role of Wnt/β-catenin signaling in 

liver specification, its evidence in mice has not been reported yet. In zebrafish and Xenopus, 

the timing of the anteroposterior endoderm patterning event is well separated from that of 

the liver specification event. However, in mice, it appears that the timings are very close to 

each other. Liver specification occurs at the 26 somite stage in zebrafish (101), whereas it 

occurs at the 7 to 8 somite stage in mice (161, 167). The short interval between endoderm 

patterning and liver specification in mice may make it difficult to manipulate Wnt/β-catenin 

signaling during the short period time. A mouse model, in which Wnt/β-catenin signaling is 

activated or inactivated in the foregut endoderm after anteroposterior endoderm patterning 

but prior to liver specification, is needed to define the role of Wnt/β-catenin signaling in 

liver specification. Foxa3-cre-driven β-catenin deletion is evident at E9.5 in hepatoblasts and 

did not affect the alteration of the hepatoblast compartment at this stage (141). While this 

may imply that Wnt/β-catenin signaling is dispensable for hepatic induction in mice, it may 

also suggest the technical challenge of a short time interval between endoderm patterning 

and liver specification in mice that mandates β-catenin deletion temporally to draw more 

meaningful conclusions. In addition, the activation of β-catenin signaling in the posterior 

endoderm after the endoderm pattering will reveal whether Wnt/β-catenin signaling can 

induce ectopic hepatoblasts in mice as in zebrafish and Xenopus.
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Hepatic Morphogenesis

As the hepatic induction or specification concludes several dynamic cellular and molecular 

mechanisms are set into place for an orderly progress of what is termed as the phase of 

hepatic morphogenesis. This phase is characterized by the growth and development of 

hepatic bud, which is cellularly quite heterogeneous in mammals. The major cell type is the 

hepatoblast or the bipotential stem cell of the liver, which migrates, expands and then 

differentiates into either an immature hepatocyte or a cholangiocyte to the further undergo 

maturation to a functional cell type of either lineage (Fig. 3). In addition to these cells 

though, the growing liver bud contains hematopoietic elements, endothelial cells and 

developing stellate cells as other major cell types that actively participate in hepatic 

morphogenesis through cell-cell interactions and signaling. We will first discuss the 

development of epithelial cells followed by a discussion on the development of nonepithelial 

compartment and how the nonparenchymal cells may be modulating the process of hepatic 

morphogenesis.

Epithelial compartment

Hepatoblasts: Characteristics and migration—The hepatoblasts are the bipotential 

stem cells contained with the hepatic thickening. These cells express hepatic genes such as 

α-fetoprotein, transthyretin, and hepatocyte nuclear factor-4α, followed by Alb. At this stage 

(~E9.0) in mouse liver development, the hepatic diverticulum is evident which abuts septum 

transversum (47, 68). The basal lamina of endoderm physically demarcates the hepatic 

endoderm from the septum transversum. The migration of these cells into the septum 

transversum requires the secretion of matrix metalloproteinases, which are known to 

degrade the extracellular matrix and facilitating the migration (82). Here, the endothelial 

cells present in the area, which are known to secrete factors that are not fully characterized 

but include Neurturin, which may have chemotactic properties for the hepatoblasts (145). 

The role of endothelial cells here is of clear significance since Flk-1 deletion leads to 

absence of endothelial cells, which in turn impairs hepatoblast migration (85).

At the same time, several key transcriptional factors are expressed and their importance in 

this phase of liver development is clear through loss of function experiments. Gata4 and 

Gata6 are zinc transcription factors with proven roles in extraembryonic tissue, also have 

role in hepatoblast migration and in maintenance of expression of hepatic transcription 

factors (150, 168). In fact through in vitro and in vivo approaches, these factors have been 

shown to be critical in hepatic morphogenesis in zebrafish, xenopus and mice. At least one 

mechanism suggested by which these factors regulate hepatoblast development is via 

directly regulating expression of Hhex by binding to its promoter. Hhex is another extremely 

important homeobox transcription factors, which is required for multiple events in liver 

development (12, 46, 123). In fact Hhex null embryos lack liver and gall bladder and more 

detailed characterization has revealed its role in hepatic pseudostratification, which is the 

first step before the hepatic endoderm delaminates and hepatoblasts begin to migrate into 

septum transversum. In addition, Hhex ablation also leads to failure of migration of 

hepatoblasts. Interestingly, even when embryos go past that stage owing to conditional 
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deletion in early hepatoblasts, Hhex loss impairs the differentiation of these bipotential 

progenitors to the hepatocytes (49).

Prox-1 is another homeobox domain transcription factor expressed in the hepatoblasts at this 

time (16). The deletion of this factor impedes the migration as well as expansion of 

hepatoblasts (128). It has been speculated that Prox1 may be responsible for regulating the 

expression of E-cadherin in developing hepatoblasts within the hepatic diverticulum. In fact, 

downregulation of E-cadherin is a mechanism by which hepatoblasts are able to begin their 

migration into septum transversum stroma after disruption of basal lamina. Another 

complementary set of transcription factors includes the Onecut-1 (HNF6) and Onecut-2. 

Loss-of-function studies for these factors demonstrate importance in the migration of 

hepatoblasts similar to GATA and Hhex factors albeit at a later stage. This appears to be via 

degradation of basal lamina (81). However, Onecut-1 and Onecut-2 loss appears to be 

functionally compensated by other factors as the hepatoblast migration eventually does 

occur, but the phenotype is know consistent with failure of the progenitors to expand. Thus, 

the liver size is dramatically smaller and displays additional defects.

Hepatoblast expansion and growth of primitive liver bud—The next several days 

mark the growth and expansion of the hepatic bud through mostly paracrine mechanisms 

where by mesenchymal cells secrete multiple growth factors and cytokines whose receptors 

and downstream effectors are richly expressed in hepatoblasts. Concurrently, these cells are 

receiving spatiotemporal signals that dictate their differentiation into hepatocytes or 

cholangiocytes.

Many signaling cascades are implicated in hepatoblast expansion through in vitro and in 

vivo studies. The signals emanate from mesenchyme, which consists of endothelial cells, 

stellate cells, and hematopoietic elements within the developing livers (Fig. 4). Some of the 

key signaling pathways include BMP, FGF, hepatocyte growth factor (HGF), Wnt, and RA 

signaling. While these signaling mechanisms can be broadly classified as receptor tyrosine 

kinases and others such as transforming growth factor β (TGFβ) and Wnt signaling, there is 

significant cross-talk that has been reported within various signaling cascades making it 

precarious to draw definitive linear conclusions. However, it will be sufficient to say that 

PI3 kinase, β-catenin, smad, MAPK, and JNK signaling are prudent for various aspects of 

hepatoblast development during the phase of hepatic morphogenesis.

FGF signaling, which is relevant at earlier stages as discussed in the preceding section is 

also of essence in hepatic morphogenesis via not only being upstream of PI3K/AKT but also 

through effect on β-catenin signaling (10, 18, 53, 117). Likewise, BMP signaling mediates 

its effect not only through Smad1/5/8 and Smad4-dependent target gene expression during 

hepatic morphogenesis, but also by regulating other effectors including β-catenin (2, 120, 

172). Wnt/β-catenin signaling is also a major mediator of hepatoblast expansion. 

Cytoplasmic and nuclear localization of β-catenin was observed at times of high hepatoblast 

proliferation (88, 139). The first study to demonstrate its direct role in hepatoblast 

proliferation was using antisense oligonucleotides against β-catenin gene in embryonic liver 

cultures (96). The decreased cell proliferation was evident due to impaired cyclin-D1 

expression, which was also validated in vivo through hepatoblast-specific ablation of β-

Shin and Singh Monga Page 9

Compr Physiol. Author manuscript; available in PMC 2015 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



catenin gene expression (141). This led to severely hypoplastic livers that also showed 

additional abnormalities in differentiation and maturation as discussed in forthcoming 

sections. Studies in zebrafish have also demonstrated a positive role of β-catenin in hepatic 

morphogenesis, where lack of APC led to enhanced hepatoblast proliferation and larger 

livers during liver development (41). Recent studies have shown that direct upstream 

effectors of β-catenin including Wnt9 and Wnt2 may be produced by mesoderm, endothelial, 

and stellate cells to induce hepatoblast expansion during hepatic development (60, 84, 101).

The role of TGFβ is through activation of smad2/3 and smad4 heterotrimeric complex-

dependent gene regulation, which may activate MAP kinase signaling among others. 

Because of redundancy of TGFβ/Smads, and due to plethora of events beings regulated by 

this signaling mechanism, it is cumbersome to address specific impact on hepatic 

morphogenesis. The best-known effect of TGFβ on hepatic morphogenesis is evident in 

embryos that are Smad2+/−; Smad 3+/− double heterozygotes, which display hypoplastic 

liver due to defective β1-integrin and defective β-catenin signaling (151). Loss of embryonic 

liver fodrin, a β-spectrin, and a scaffolding protein that interacts with Smad3 and Smad4 

leads to defective hepatic morphogenesis, which again highlights the role of TGFβ (144).

It is also relevant to emphasize that different laboratories have utilized different strategies to 

successfully isolate hepatoblasts during different stages of liver development. HBC-3 cells 

were isolated from E9.5 stage of murine development and stains positively for α-FP, Alb, 

and cytokeratin 14 (CK14), and while these cells retain an undifferentiated hepatoblast 

phenotype on feeders, their culture in dimethyl sulfoxide induces hepatocyte and in matrigel 

induces a biliary differentiation (111). Similarly, another group showed that cells from 

E13.5 livers that are CD45− TER119− c-Kit− CD29− CD49f+ and CD45− TER119− c-Kit− c-

Met+ CD49f+/low and from E11.5 that are CD45− TER119− c-Kit− c-Met+ CD49f+/low had 

high capacity to form hepatic colony-forming units (140). Another report showed at E11 that 

CD45−, TER119− c-Kitlow fraction contained hepatoblasts as well (89). Other two important 

surface molecules used for identification and sorting hepatoblasts include Delta-like protein 

1 (Dlk1) and epithelial cell adhesion molecule (EpCAM) [reviewed in reference (143)]. In 

fact cells positive for these two markers from E11.5 livers showed robust liver stem cells 

activity. It should be noted that EpCAM expression diminishes over developmental stages 

and eventually in adults only bile ducts express this marker, whereas Dlk1 expression is 

temporal only in hepatoblasts and is lost upon differentiation to hepatocytes or 

cholangiocytes.

Hepatoblast survival during hepatic morphogenesis—As the hepatoblast 

expansion occurs, not only do they proliferate but also resist cell death. A recurring theme to 

this end has been a major cytoprotective role of NF-kappa B (κ) signaling during hepatic 

morphogenesis. There are several models where owing to genetic deletion of components of 

this signaling pathway has exhibited as massive hepatic apoptosis. Disruption of p65, a 

subunit of κ led to lethality at E15-E16 (7). Similarly, loss of T2K, a kinase that associates 

with tumor necrosis factor receptor associated factor-2 leads to embryonic lethality 

associated with hepatic degeneration at around E14.5 (11). Glycogen synthase kinase-3β 

(GSK3β), a kinase known to phosphorylate β-catenin to induce its recognition by the 

ubiquitin proteosome has an independent function in NF-κB signaling, where it has been 
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shown to be required for NF-κB activity (45). Genetic disruption of GSK3β led to mid 

gestational lethality due to excessive hepatocyte apoptosis that in vitro showed 

hypersensitivity to TNFα-mediated cell death and reduced NF-κB activation.

Necrotic death due to oxidative stress or other mechanisms has also been observed due to 

loss of certain genes during hepatic morphogenesis. Nrf1, a transcription factor critical for 

regulating redox balance, when knocked out led to fetal lethality associated with enhanced 

fetal hepatocyte apoptosis and high oxidative stress (20). Similarly, metal-responsive 

transcriptional activator MTF-1, which regulates the basal and inducible expression of 

metallothioneins, when genetically ablated leads to embryonic lethality at E14 due to 

massive hepatic degeneration mostly due to necrosis (44). The expression of metallothionein 

I and II genes was absent, which in turn led to decreased glutathione biosynthesis. In fact, 

the mouse embryo fibroblasts from the mutant embryos were more sensitive to cadmium or 

hydrogen peroxide. C-Jun, an AP-1 transcription factor, also appears critical in hepatoblast 

survival as well as proliferation (32).

While several of these observations are similar, several of these pathways are distinct and 

the mode of death is disparate as well. For example, while NF-κB disruption led to mostly 

apoptosis of hepatoblasts, loss of MTF-1 led to predominantly necrosis. While more studies 

are essential to clarify systematically the requirement of survival pathways during 

hepatoblast development, it is quite clear that there is a need of multitude of survival signals 

in the developing hepatoblasts in counteracting the cellular stresses that appear innate to the 

stage of hepatic morphogenesis.

Hepatoblast differentiation to hepatocyte or cholangiocyte—Hepatoblasts are the 

bipotential progenitors that are destined to become either a hepatocyte or a cholangiocyte to 

form intrahepatic bile ducts (Fig. 3). As the hepatoblasts expand in numbers, they 

simultaneously, after a certain stage, begin to undergo lineage specification. This stage 

corresponds to around E13.5 in mouse liver development. A hepatoblast or hepatic 

progenitor is a cell with high nuclear to cytoplasmic ratio and is interspersed between 

hematopoietic cells and other nonparenchymal cells in the developing livers. These cells 

express unique markers (Dlk1), certain markers of hepatocytes (Alb, HNF4α) and of 

immature hepatocytes (α-FP). As the liver development continues, these cells make a 

commitment to being either a hepatocyte or a cholangiocyte (CK19) and the processes that 

determine their fate are being increasingly understood. The hepatoblasts that acquire the 

hepatocyte cell fate do so through gradual acquisition of liver-enriched transcription factors 

that in turn regulate the expression of genes that make it a polarized, cuboidal, and 

functioning cell [reviewed in reference (126)]. There is interplay between various growth 

factors and cytokines concurrent with cell-cell interactions that enable upregulation of 

certain transcription factors at the expense of others within a subset of hepatoblasts, which 

will guide them along a specific-cell type differentiation. Once the decision is made, similar 

factors or additional signaling cascades then promote the maturation, organization, and 

functioning of these cell types.

Several signaling molecules are implicated in lineage determination of a hepatoblast to 

cholangiocyte (Fig. 5). A key cellular interaction heralding this process is between the 
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developing portal vein and hepatoblasts surrounding this structure at around E13 stage 

during murine hepatic development. In fact there exists a gradient of activin/TGFβ with the 

highest exposure limited to the cells around portal mesenchyme (25). This allows for 

differentiation of hepatoblasts to cholangiocytes. Similarly, Jagged1 expression seems to be 

apparent in the periportal mesenchyme and biliary cells, while Notch2 is present in biliary 

cells (39, 170). The function of Notch signaling in biliary differentiation is also substantiated 

by phenotype observed upon hepatic inactivation of RBP-Jκ, a transcriptional effector of 

Notch signaling, which results in diminished biliary differentiation of hepatoblasts (170). It 

should be noted that even before the discovery of temporal expression and regulation of 

Notch signaling during intrahepatic bile duct development, Human Alagille syndrome, 

which is associated with paucity of bile ducts, was identified to be due to mutations in 

Jagged-1 or Notch-2 (NOTCH2) and hence due to deficient Notch signaling (72, 102, 109, 

171). Some of the key transcription factors that allow for biliary differentiation include 

Sox9, whereas expression of Onecut transcription factors HNF6 and OC-2 counteract the 

activin/TGFβ signaling away from the portal mesenchyme where hepatoblasts differentiate 

into hepatocytes and acquire distinct hepatocyte-enriched transcription factors such as 

HNF4α (25). It is relevant to note that in response to mesenchyme signals, the hepatoblasts 

located adjacent to portal vein not only upregulate biliary factors such as Sox9, HNF6, OC2, 

and HNF1β but at the same time downregulate hepatocyte-enriched transcription factors 

such as HNF4α. In addition, there is a rigorous role of HNF6 and OC2 in modulating 

hepatoblast differentiation to hepatocytes and cholangiocytes and any change in their 

expression could jeopardize the timing and extent of hepatobiliary differentiation. Here, an 

important role of C/EBPα in repressing the gene expression of both HNF6 and HNF1β has 

also been shown in hepatocytes in the liver parenchyma, whereas suppression of its 

expression in periportal hepatoblasts allows for a higher expression of both HNF6 and 

HNF1β (125, 155). The role of C/EBPα in negatively regulating cholangiocyte fate of 

hepatoblasts was further ascertained by observation that when C/EBPα-null liver samples 

were transplanted into scid mice testis, mostly biliary structures were observed (155). 

Similarly, genetic interactions between HNF6 and Notch signaling have been identified in 

playing a critical role in development of intrahepatic bile ducts (147). Additional factors 

have shown to assist in biliary differentiation include FGF and BMP signaling pathways 

although exact mechanism remains to be elucidated (156).

Wnt signaling has also been shown to play a dramatic role in assisting hepatoblasts 

differentiate to cholangiocyte (66, 97). The first evidence came from a study where ex vivo 

knockdown of β-catenin in embryonic liver cultures that consisted of hepatoblasts led to 

failure of CK-19-positive cells to form duct like structures (96). When the same organoid 

cultures were maintained in Wnt3a-conditioned media, it led to survival of only biliary 

epithelia, whereas HGF and Wnt3a was sufficient to sustain both hepatocytes and 

cholangiocytes (50). These studies were also confirmed in vivo when Foxa3-cre mediated 

deletion of β-catenin led to failure of proper bile duct differentiation of hepatoblasts and 

there was a lack of formation of primitive bile ducts (141). When β-catenin was prematurely 

stabilized due to loss of APC in hepatoblasts, these β-catenin overexpressing cells formed 

immature cholangiocytes, which matured when transplanted in vivo (29). What are the 

downstream mechanisms that may be playing a role in lineage specification of hepatoblasts 
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to cholangiocytes still remains to be elucidated (66). It is intriguing to note that very recently 

two forms of β-catenin were identified during late hepatic development (65). While the 

predominant truncated form of β-catenin that lacks aminoterminal was observed in 

developing hepatocytes, full-length β-catenin was exclusively localized to developing bile 

ducts at E17. It would be critical to identify how this form of β-catenin may be playing an 

important role in bile duct morphogenesis.

The major transcription factors that are expressed in hepatocytes as they emerge from 

hepatoblasts include FoxA1/2, HNF1α and β, HNF4α, and HNF6 [reviewed in reference 

(126)]. Other than being spatiotemporally distant from TGFβ gradient, additional factors are 

known to play a role in hepatoblast differentiation to hepatocytes although the exact 

mechanisms are not completely clear (25). However, several factors have been shown to 

play an important role in hepatocyte differentiation of the hepatoblast (Fig. 6). Oncostatin M 

is released from developing hematopoietic compartment within the liver and is an important 

mediator of hepatocyte differentiation (55, 56, 91). Additionally, HGF promotes hepatic 

morphogenesis having effects on hepatoblast expansion along with hepatocyte maturation 

(87, 116). Other factors that cooperate with Oncostatin M and HGF to induce hepatocyte 

differentiation include the glucocorticoid hormones and Wnt signaling. The Wnt signaling 

through β-catenin was shown to promote hepatocyte maturation. When embryonic livers 

were cultured in the presence of antisense to β-catenin, there was defect in maturation of 

hepatocytes, which was observed as sustained expression of progenitor cell markers in 

hepatocytes (96). Foxa3-cre-mediated β-catenin gene deletion in developing hepatoblasts 

also led to retarded maturation of hepatocytes which was reflected in maintained high 

nuclear to cytoplasmic ratio of cells, failure of hepatocytes to accumulate glycogen and 

these findings were associated with decrease in HNF4α and C/EBPα (141). More recently, 

an aminoterminal truncated form of β-catenin has been identified in maturing hepatocytes as 

a result of calpain-induced cleavage (65). This form of β-catenin has distinct target genes 

and additional studies will be necessary to elucidate the role and regulation in hepatocyte 

maturation.

The downstream effectors of these various signaling cascades may directly induce target 

gene expression responsible for hepatocyte functions but also indirectly through induction of 

hepatocyte-enriched transcription factor expression. In fact a factor such as HNF4α has been 

shown to bind to promoters of nearly half of the genes associated with hepatocyte polarity, 

junctional integrity, and metabolic and xenobiotic functions (105). This characteristic of 

HNF4α was exploited recently when mouse fibroblasts were converted to hepatocytes by 

introduction of two transcription factors, one of which was HNF4α and the other one was 

FoxA1 or A2 or A3 (119). The generated induced-hepatocyte-like cells possessed in vivo 

and in vitro characteristics of near-hepatocyte-like cells.

Hepatocyte maturation—Hepatocytes that emerge from hepatoblasts look distinct from 

hepatocytes at later stages of hepatic development. In fact, when hepatocytes are compared 

for example at E15 and E17 stages, the cuboidal morphology and presence of clear 

cytoplasm due to glycogen is quite apparent at the latter stage (94). This indicates that once 

hepatocytes originate from hepatoblasts, they continue to undergo maturation under the 

control of factors such as Oncostatin M, glucorticoids, HGF, Wnt, and additional factors and 
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through expression of transcription factors such as HNF4α and C/EBPα (35, 105, 149) (Fig. 

6). Hepatocytes continue to change their characteristics and functional capabilities 

drastically both perinatally as well as postnatally under the control of several of these liver-

enriched transcription factors. C/EBPα knockout mice are lethal at neonatal stage since they 

lack key enzymes that regulate glucose and ammonia homeostasis (59). In fact, these 

animals die due to defects in gluconeogenesis and ammonia detoxification since several 

enzymes in ornithine cycle are regulated by C/EBPα, which in turn dictate hepatocyte 

maturation and function.

The hepatocytes begin to acquire location-specific functions, which is termed as zonation 

(131). This term was initially coined by Jungermann who pointed out the distinct properties 

of cells within the liver based on their location in the hepatic lobule (37, 54). The 

hepatocytes located in close proximity to the hepatic inflow around the portal triad are 

referred to as being in periportal zone, while those around central vein are located in 

centrizonal or pericentral zone. The functions of hepatocytes in periportal, mid-, or 

pericentral zone are distinct and are a function of interplay between Wnt/β-catenin signaling 

pathway and HNF4α signaling (134). β-Catenin signaling is active in the pericentral area 

and many of the genes downstream of this signaling are highly expressed in the hepatocytes 

located in this zone (9). Expression of Glutamine Synthetase (GS), cytochrome p450 2e1, 

and Cyp1a2 are all under the control of β-catenin as shown in preclinical and clinical 

scenarios (40, 75, 118, 142). It was also shown that β-catenin activity in other zones was 

maintained at low levels because of increased expression of adenomatous polyposis coli 

gene product, which is responsible for β-catenin degradation. On the other hand, HNF4α 

was shown to play an important role as a transcriptional activator while acting as a repressor 

for pericentral genes such as GS in periportal cells (26). It was shown that both HNF4α and 

TCF family members interact with β-catenin and regulate expression of GS in pericentral 

hepatocytes, and when HNF4α was bound alone, GS expression was repressed (134). The 

mechanism of HNF4α action as a repressor needs additional validation. Simultaneously, it is 

still unclear how β-catenin activation is maintained in the pericentral hepatocytes and what 

are the upstream effectors and their source, which enable limited activation of this protein to 

drive expression of certain but not other Wnt targets.

Cholangiocyte proliferation, maturation, and ductal development—Once 

hepatoblasts differentiate into cholangiocytes, key transcriptional factors are turned on that 

modulate the process of cholangicoyte differentiation and maturation. Sox9 is the first 

transcription factor that controls the timing of the cholangiocyte differentiation and appears 

to be under the control of Notch and TGFβ signaling (4). Notch signaling also regulates the 

expression of Hes1, which is required later for biliary tubulogenesis (61). It remains to be 

identified that what are the specific transcriptional targets of biliary transcription factors that 

are further responsible for ductal morphogenesis although role of Notch and HNF6 in 

regulating ductal morphogenesis is pivotal (109, 147, 171). FGF, BMP, Wnt, and HGF 

signaling may be contributing to cholangiocyte differentiation and maturation through 

incompletely understood mechanisms (Fig. 5). Intriguingly, FoxA1 and FoxA2 loss in 

hepatoblasts resulted in enhanced differentiation and expansion of cholangiocytes that 

appeared to be secondary to increased IL-6, which is a known biliary mitogen (74). These 
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observations demonstrate an important balance of biliary and hepatocyte transcription 

factors that exists during normal hepatobiliary differentiation of hepatoblasts.

While hepatoblasts adjacent to portal mesenchyme differentiate into cholangiocytes, a 

second phase of ductular morphogenesis was only recently defined. It was reported that 

adjacent to the single layer of primary cholangiocytes derived from hepatoblasts, a second 

layer of cholangiocytes appears later in hepatic development but only at specific locations. 

This layer is derived from undifferentiated hepatoblasts that exist towards the hepatocyte 

parenchyma in developing livers. There exists a luminal space between the two layers and as 

these appose to form asymmetric ducts with lumen, the hepatoblasts undergo rapid 

differentiation to cholangiocytes. It is suggested that Hes1 and thus Notch signaling may be 

playing an important role in this process of ductal morphogenesis (61).

Lastly, cholangiocyte homeostasis is important postnatally, since these cells may be 

periodically exposed to harmful microbes or bacterial products. Cholangiocytes have the 

capability to undergo reactive proliferation as a means to restore and repair the function of 

bile collection and flow after an injury. Factors such as IL-6 may be critical in modulating 

such process (100). In addition, since the function of mature cholangiocytes is to biliary 

flow, these cells have primary cilia, which serve multiple functions as sensors for 

osmolarsity, chemical composition of bile and mechanical forces. Since cilia are truly the 

feelers for sensing any changes in bile microenvironment and that cholangiocytes are both 

absorptive and secretory cells, the implications of cholangiocyte cilia can be of essence in 

regulating biliary homeostasis through integration to various signaling cascades, the most 

prominent one being through altered concentrations of intracellular Ca2+ and cyclic 

adenosine monophosphate (cAMP) [reviewed in reference (83)]. Suffice to say that 

mutations in ciliary associated proteins do lead to cholangiociliopathies include cystic and/or 

fibrotic liver diseases such as Autosomal Dominant Polycystic Kidney Disease (caused by 

mutations in either PKD1 or PKD2 genes), Autosomal Recessive PKD (caused by mutations 

in PKHD1 gene) and others. Defects in ciliary structure or their sensory and transducing 

functions induce cAMP to causing cholangiocyte hyperproliferation. In addition, aberrations 

are evident in cell-matrix interactions, fluid secretion, or absorption and eventually in cyst 

formation.

Non-epithelial compartment

Hepatic sinusoidal endothelial cells—Hepatic vascular development commences at 

the inception of the liver primordium. Endothelial cells that exist around the liver 

diverticulum have been shown to invade the hepatic bud during its growth (85, 98). These 

cells in may be originating from the omphalomesentric veins or common or posterior 

cardinal veins. During hepatic morphogenesis at E12.5, liver contains a rather well-

developed vascular system including primitive sinusoidal structures (98). Sinusoids are a 

complex capillary network in the liver that is playing a role in transfer of various molecules 

to and from blood and hepsatocytes. The endothelial cells of sinusoids are distinct from 

traditional endothelia in function as well as markers and resemble lymphatic endothelial 

cells in expressing lymphatic vascular endothelial hyaluronan receptor and low expression 

of PECAM or CD31 (98). The primitive sinusoids have lumen and are contiguous with one 

Shin and Singh Monga Page 15

Compr Physiol. Author manuscript; available in PMC 2015 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



other, and with portal and central veins. In fact, endothelial cells of primitive sinusoids were 

surrounded by an extracellular matrix and also by hepatic stellate cells. Endothelial cells of 

primitive sinusoids expressed high levels of Flk-1 (85). Since vascular endothelial growth 

factor (VEGF) is a known ligand for Flk-1 and is produced by developing hepatoblasts and 

hematopoietic cells, it is likely driving the proliferation of immature sinusoidal endothelial 

cells. At later stages, VEGF in addition stimulate branching morphogenesis in the primitive 

c as angiopoietin or pigment epithelium-derived factor may also be playing a role in the 

sinusoidal endothelial morphogenesis (114, 115). In addition, role of Wnt signaling in 

sinusoidal growth may be relevant. VEGF is a known target of β-catenin signaling. Also, 

Wnt2 was shown to be expressed in rat hepatic sinusoidal endothelial cells, which correlated 

with expression of VEGFR2 supporting cooperative roles of Wnt2 and VEGF in endothelial 

cell growth (60). In chick livers during development, Wnt9a is secreted by the hepatic 

sinusoidal endothelial cells, which induced β-catenin activation in hepatoblasts to stimulate 

their proliferation and glycogen accumulation (84). Such a paradigm was also recently 

uncovered during liver regeneration after partial hepatectomy, where sinusoidal endothelial 

cells were shown to release Wnt2 to then induce β-catenin activation, which is critical for 

hepatocyte proliferation and restoration of hepatic mass (31). Thus, the endothelial cells of 

hepatic sinusoids not only play a role as a conduit for transfer and exchange but also act as 

an instructive niche to modulate hepatoblast proliferation during development and 

hepctocyte proliferation during liver regeneration.

Hepatic stellate cells—Closely associated with hepatocytes on one surface and with 

sinusoidal endothelial cells on the other, stellate cells are an important cell type most known 

for its role in hepatic fibrosis (15, 36). These cells are the source of activated myofibroblasts 

that are responsible for collagen deposition. In addition, stellate cells are a source of growth 

factors and cytokines that may be released in response to appropriate cues in the form of 

changes in sinusoidal circulation, loss of hepatic mass, hypoxia, and others. Stellate cells are 

derived from mesothelial and submesothelial cells during hepatic development (5, 6, 76, 

104). The mesothelium in turn originates from STM and proepicardium. Recent studies in 

mice suggests that activated leukocyte cell adhesion molecule-positive cells consisting of 

both mesothelial and submesothelial cells acquired myofibroblastic morphology in cell 

culture and also in the presence of retinol and upon embedding in collagen formed 

intracellular lipid droplets suggesting their ability to differentiated into stellate cells (5, 6). 

Potential role of Wnt/β-catenin and Pitx2 has been suggested in the differentiation and 

expansion of these cell types during development (21, 57, 165).

The stellate cells and mesothelial cells during hepatic development have also been shown to 

play an important role in hepatic morphogenesis. The source of Wnt9a was shown to be not 

only the endothelial cells but also the hepatic stellate cells during development (84). The 

mesothelial and submesothelial cells have been also shown to be rich sources of HGF, 

pleiotrophin, and midkine, which are all mitogens for hepatoblasts and hepatocytes (104). 

Knockout of Wilm’s tumor 1 homologue (WT1), which is a marker of mesothelial cells, 

yields smaller livers at E13.5 (52). These livers were hypoplastic due to a decrease in the 

numbers of hepatoblasts and hepatocytes. The mesothelial cells isolated from WT1 null 

livers expressed low levels of pleiotrophin and midkine (104). In vitro, hepatocytes from 
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WT1 knockouts showed normal growth that was comparable to control genotypes when 

cocultured in the presence mesothelial cells from control embryos. Thus, hepatic stellate 

cells and their precursors play an important role in controlling hepatic morphogenesis.

Hematopoietic elements—Liver is a major site of hematopoiesis during development. 

As the hepatoblasts begin expanding in the primitive liver bud, the organ acquires the 

function of hematopoiesis. Recently hepatoblasts have been shown to produce factors such 

as erythropoietin and stem cell factor, which are responsible for inducing the numbers of 

erythroid progenitors (138). Other nonparenchymal cells such as fetal-liver-derived stromal 

cells also enhance hematopoietic progenitors and role of pathways such as Wnt may be of 

essence in this event. As the hepatoblasts mature to hepatocytes, these lose the capability to 

support hematopoiesis and this process migrates to the bone marrow. However, exact 

cellular and molecular basis of cessation of hematopoiesis during late hepatic development 

remains unknown. It does appear that terminal deoxynucleotidyl transferase dUTP nick end 

labeling-positive hematopoietic cells and basally enhanced oxidative stress is observed at the 

time when this process is being terminated in the liver and additional mechanisms will need 

to be elucidated (141).

The hematopoietic cells also play an important role in hepatic morphogenesis. These cells 

are a rich source of Oncostatin M, which is a single important factor known to enhance 

hepatocyte differentiation and maturation through gp130 (55, 56, 91). Gp130 knockout 

livers were composed of immature hepatocytes that lacked glycogen and showed reduced 

expression of tyrosine aminotransferase mRNA. Thus, the hematopoiesis and hepatopoiesis 

is truly a symbiotic relationship at least temporally in development.

Kupffer cells that are the resident macrophages in the liver have been suggested to support 

hematopoiesis in the developing liver. In adult liver, these cells have been shown to be a 

source of cytokines such as TNFα and IL-6, which are important in the process of liver 

regeneration (1, 157). However, it remains less clear if Kupffer cells could be supporting 

hepatic morphogenesis during liver development.

A pathway with many roles

A major observation that is evident in hepatic development is that some times a single 

signaling cascade can play seemingly multiple roles and sometimes even seemingly opposite 

roles. A classical example is the Wnt/β-catenin signaling pathway that has a plethora of roles 

in hepatic development and sometimes these roles are paradoxical temporally (66). Its role 

in foregut development requires repression of Wnt/β-catenin, but is required for hepatic 

specification (73, 86, 101, 124). In addition, β-catenin signaling contributes to hepatic 

morphogenesis in multiple ways. Its role in both hepatoblast proliferation and survival is 

visible in both in vitro and in vivo studies (41, 84, 96, 141). It has also been shown to play a 

role in cholangiocyte differentiation of hepatoblasts in both ex vivo and in vivo studies as 

well as in both loss of function as well as gain of function of studies (29, 50, 96, 141). 

Intriguingly, β-catenin is also an important component of the hepatocyte maturation process 

both in vitro and in vivo and the hepatoblasts that lack β-catenin fail to develop cuboidal 

morphology and express low levels of certain hepatocyte-enriched transcription factors such 
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as HNF4α and C/EBPα (95, 96, 141). In addition, the role of β-catenin in hepatic zonation is 

also critical (9). How can β-catenin play so many different roles in various phases of hepatic 

development? It should be noted that although β-catenin can translocate to the nucleus and 

regulate target gene expression in response to Wnt, HGF, FGF, and additional factors, but in 

the nucleus it cannot bind DNA directly. Instead, it binds to factors such as TCF/LEF family 

of transcription factors and governs their transactivation (80). However, β-catenin has now 

been shown to also interact with factors such as HIF1α, FOXO3, and others and thus may 

have a wider role in transcriptional regulation of gene expression (33, 38, 70). Another mode 

of disparate target gene regulation by β-catenin comes from virtue of its interactions with 

histone acetyltransferases CBP and P300 and has been shown in embryonic stem (ES) cell 

renewal and differentiation (79, 90). Very recently, and in the context of liver development, 

β-catenin was shown to undergo calpain-mediated amino terminal cleavage (65). The 

observed species during mid-to-late gestational development in the liver localizes to both the 

membrane and in the nuclei of the hepatocytes. RNA-seq analysis identified several novel 

targets that include genes encoding for histone H3 and H2, which are responsible for 

nucleosome structure and epigenetic gene regulation. Thus β-catenin signaling may play 

diverse roles in liver development. Other signaling pathways may also show such divergent 

complexity and it is the concerted and highly regulated cellular and molecular interactions 

that enable normal hepatic development.

Differentiation of Stem Cells to Hepatocytes

Liver transplantation is the only effective treatment for severe liver diseases, but the 

shortage of donor livers makes this therapy extremely limited. Cell-based transplantation of 

hepatocytes is considered as an excellent alternative to liver transplantation. Hepatocytes 

can be differentiated from ES or induced pluripotent stem (iPS) cells or directly 

reprogrammed from adult fibroblasts in vitro, providing a potential source of autologous 

cells for transplantation. Understanding of the developmental processes of liver formation 

has significantly contributed to the development of such differentiation and reprogramming 

protocols (Fig. 7). Currently mature hepatocytes are being differentiated from mesenchymal 

stem cells, ES cells, and iPS cells among other types of stem cells (127, 129, 136). However, 

the current protocols need to be further improved in order to make mature, fully functional 

hepatocytes appropriate for cell-transplantation therapy. A better understanding of liver 

developmental processes will allow one to improve the current protocols for the 

transplantation therapy.

ES or iPS cells can be differentiated into hepatocytes

Hepatocytes can be differentiated from ES cells in vitro by mimicking the developmental 

processes of liver formation. Since the liver is derived from the definitive endoderm and 

Nodal, a member of the TGFβ superfamily, signaling is essential for endoderm specification, 

ES cells were first differentiated into definitive endodermal cells with the treatment of 

Activin A, which binds the same receptor as Nodal and elicits similar intracellular signaling 

events (28). During development, the ventral foregut endoderm receives BMP and FGF 

from its surrounding tissues and gives rise to hepatoblasts. Therefore, Activin A treatment 

was followed by BMP2/4 and FGF2/4 treatment (17, 42). To differentiate hepatoblasts into 
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immature hepatocytes and for further maturation, HGF, oncostatin M, dexamethasone, 

and/or EGF were added into culture media [reviewed in reference (8)]. Although there are 

some differences in treatment conditions among hepatocyte differentiation protocols, 

stepwise differentiation (ES cells → the definitive endoderm → hepatoblasts → 

hepatocytes) adopted from liver developmental processes was applied to these protocols 

(Fig. 7).

The efficiency of hepatocyte differentiation from ES cells is quite variable probably due to 

the use of serum and other undefined culture medium components. By eliminating serum 

and using well-defined culture components, Dr. Duncan’s group has recently established a 

hepatocyte differentiation protocol that can elicit the efficient and reproducible generation of 

hepatocytes from human ES and iPS cells (127). This protocol allowed one to obtain more 

than 80% definitive endodermal cells, subsequently more than 80% hepatoblasts, and finally 

about 80% Alb-expressing hepatocytes, indicating 80% efficiency of hepatocyte 

differentiation from human ES and iPS cells.

Hepatocytes differentiated from a patient’s iPS cells have a great potential for understanding 

disease mechanisms and for autologous hepatocyte transplantation. iPS cells derived from 

patients with inherited metabolic disorders of the liver were differentiated into hepatocytes, 

and these differentiated hepatocytes recapitulated key pathological features of the diseases 

(108), indicating the potential of iPS cells to model liver diseases. The differentiation 

protocol again was based on normal liver developmental programs elucidated over last 

couple of decades (Fig. 7). Furthermore, hepatocytes differentiated from human iPS cells 

were transplanted into immunodeficient Alb-urokinase transgenic mice (110) whose 

hepatocytes are functionally compromised, resulting in the distribution of the iPS-derived 

hepatocytes throughout the liver and their integration into the host parenchyma (158). In this 

study, a mutation in the α1-antitrypsin gene that is responsible for α1-antitrypsin deficiency 

was corrected in patient-derived iPS cells by genome modification, and the corrected iPS 

cell-derived hepatocytes were transplanted (158), providing the potential of human iPS cells 

for autologous cell-based therapies.

Fibroblasts can be reprogrammed into hepatocyte-like cells

Two groups have recently reported that the overexpression of a few transcription factors that 

play a crucial role in liver development sufficiently reprograms mouse fibroblasts into 

induced hepatocyte-like (iHep) cells. One group identified that three specific combinations 

of two transcription factors, HNF4α plus FOXA1, FOXA2, or FOXA3, from 12 candidate 

transcription factors are sufficient for iHep cell generation (119); the other group identified 

three transcription factors, GATA4, HNF1α, and FOXA3, from 14 transcription factors in 

the p19Arf mutant background (48). It is not too surprising that these transcription factors are 

identified because of their roles in liver development. In case of the reprogramming of 

fibroblasts into cardiomyocytes, several transcription factors, GATA4, MEF2C, and TBX5, 

which play crucial roles in heart development, also elicit such reprogramming (51). Since 

FOXA and GATA transcription factors are implicated in hepatic competence (13, 23, 24), 

these pioneer factors may open compact chromatin regions of liver-specific genes in 

fibroblasts during reprogramming. Since HNF4α (71, 130) and HNF1α (106) are required 
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for hepatocyte differentiation, and regulate each other (64, 103), they may induce and 

stabilize the expression of hepatocyte-specific genes during reprogramming.

iHep cells have many of the morphological and functional characteristics associated with 

hepatocytes. Moreover, unlike primary hepatocytes, they can be maintained in culture due to 

their proliferation, allowing for the sufficient supply of hepatocytes for cell-based therapies. 

The transplantation of iHep cells into fumarylacetoacetate hydrolase (Fah)-deficient mice, a 

model of human liver disease tyrosinemia, increased the survival rate of Fah mice by 

restoring liver functions, although less efficient than that of primary hepatocytes did (48, 

119). iHep cells together with hepatocytes differentiated from iPS cells have a great 

potential for liver research and cell-based therapies.
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Figure 1. 
Diagrams depicting hepatic competence and liver specification. Once the endoderm is 

properly patterned anteroposteriorly, the foregut and midgut endoderm possess hepatic 

competence, shown here by FOXA1/2 and GATA4/6 expression (gray). Endodermal cells in 

the foregut endoderm receive hepatic inducing signals, bone morphogenic protein (BMP), 

fibroblast growth factor (FGF), and Wnt, from adjacent mesodermal tissues (green), and 

subsequently give rise to hepatoblasts (red).
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Figure 2. 
Diagrams of zebrafish early liver development. bmp2b is expressed in the lateral plate 

mesoderm (LPM) from 14 h postfertilization (hpf), and appears to suppress Pdx1 expression 

(green) in the neighboring endodermal cells (22). Some of these Pdx1− endodermal cells 

give rise to hepatoblasts. wnt2bb is expressed in the LPM from 18 hpf (dark blue) (101); the 

early hepatoblast marker Prox1 starts to be expressed in endodermal cells (red) anterior to 

the Pdx1+ domain from 24 hpf and is continuously expressed in the liver (L) (34). fgf10a is 

expressed in the LPM surrounding the Pdx1+ domain from 30 hpf (orange), and appears to 

repress hepatic competence (122). Ventral views of the endoderm and endoderm-derived 

organs, anterior up.
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Figure 3. 
Representation of hepatic morphogenesis. Hepatoblasts, which are the hepatic progenitors, 

undergo expansion via balanced cell proliferation and survival. These bipotential stem cells 

then differentiate into hepatocytes or cholangiocytes (biliary epithelial cells). As the 

morphogenesis continues, these cells undergo maturation by acquiring additional 

characteristics such as polarity and now are primed to perform key cellular functions of the 

liver.
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Figure 4. 
Cellular and molecular basis of hepatoblast expansion. Various mesenchymal elements 

including endothelial cells, hepatic stellate cells (HSCs) and even hematopoietic stem cells 

(HSCs) are a source of key growth factors that act via paracrine mechanisms to induce 

proliferation of hepatoblasts that expresses receptors as well as key downstream effectors of 

these signaling mechanisms. Abbreviations: HGF-hepatocyte growth factor; FGF(R)-

fibroblast growth factor (receptor); BMP(R)-bone morphogenic protein (receptor); RAR-

retinoic acid receptor; JNK-JUN NH2-terminal kinase; PI3K–phosphoinositide 3-kinase; 

MAPK-mitogen activated protein kinase.
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Figure 5. 
Molecular basis of cholangiocyte differentiation and maturation. Various instructive signals, 

either paracrine or autocrine, stimulate specification of cholangiocytes from the hepatoblasts 

and these signals induce specific transcription factor programs within the cholangiocytes. 

Once these cells are specified, they continue to respond to various growth factors, again in 

an autocrine or paracrine fashion, to mature and organize as ductal structures with specific 

functions. Abbreviations: TGFβ-transforming growth factor β; HGF-hepatocyte growth 

factor; FGF-fibroblast growth factor; BMP-bone morphogenic protein.
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Figure 6. 
Molecular basis of hepatocyte differentiation and maturation. Various instructive signals, 

either paracrine or autocrine, stimulate specification of hepatocytes from the hepatoblasts 

and these signals induce specific transcription factor programs within the hepatocytes. Once 

these cells are specified, they continue to respond to various growth factors, again in an 

autocrine or paracrine fashion, to mature, acquire cell polarity and gain expression of genes 

to enable specific functions.
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Figure 7. 
Diagrams depicting hepatocyte differentiation from embryonic stem (ES) or induced 

pluripotent stem (iPS) cells and the direct reprogramming of fibroblasts. Exogenous factors 

that induce differentiation are written in red; transcription factors that are required for 

fibroblast reprogramming are written in blue.
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