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Abstract

During chronic injury a population of bipotent hepatic progenitor cells (HPCs) become activated 

to regenerate both cholangiocytes and hepatocytes. Here we show in human diseased liver and 

mouse models of the ductular reaction that Notch and Wnt signaling direct specification of HPCs 

via their interactions with activated myofibroblasts or macrophages. In particular, we found that 

during biliary regeneration, expression of Jagged 1 (a Notch ligand) by myofibroblasts promoted 

Notch signaling in HPCs and thus their biliary specification to cholangiocytes. Alternatively, 

during hepatocyte regeneration, macrophage engulfment of hepatocyte debris induced Wnt3a 

expression. This resulted in canonical Wnt signaling in nearby HPCs, thus maintaining expression 

of Numb (a cell fate determinant) within these cells and the promotion of their specification to 

hepatocytes. By these two pathways adult parenchymal regeneration during acute liver injury is 

promoted.

Comment

Adult organs have robust mechanisms for maintaining themselves during the decades in 

which they must function following embryonic development. In tissues with high rates of 

turnover—particularly the skin, intestine, and blood—stem cells provide the raw materials 

for organ homeostasis, whereas tissues with low rates of turnover such as the pancreas use 

replication as the prevailing mechanism for maintenance. The situation is somewhat more 

complex during regeneration, in which both replication and stem cell differentiation can 

contribute to repair. In the regenerating liver, the picture is particularly murky, as the 

primary mode of recovery is thought to be determined by the mechanism of injury. When a 

portion of the liver is removed surgically, for example, the liver regrows to its initial size 

through a process that is dominated by cell growth and division. Following the more 

physiologically relevant injury caused by toxin exposure, by contrast, a population of small 

cells emerges in the portal regions. Classically referred to as “oval cells” or “atypical ductal 

cells” (ADCs), these cholangiocyte-like cells have been proposed to act as “facultative” 

progenitors, mediating liver regeneration through a process that recapitulates differentiation 

of embryonic progenitors.1–4
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During fetal development, hepatocytes and cholangiocytes (henceforth referred to as biliary 

epithelial cells, or BECs) are derived from a bona fide progenitor cell, the hepatoblast. 

Several signals influence the binary cell fate decision made by these progenitors. 

Specifically, signals from the Notch, Wnt, TGFβ, FGF, and Hippo signaling pathways all act 

to promote biliary differentiation at the expense of hepatocyte differentiation (reviewed5). 

Notch provides one of the most important signals for biliary differentiation, as both humans 

and mice with defects in hepatic Notch signaling exhibit bile duct paucity.6–12 During 

development, Notch receptors (predominantly Notch2) are activated by the Jagged1 ligand, 

which is produced by cells in the portal vein mesenchyme.13 Although some lineage-tracing 

and transplantation studies support the notion that ADCs act as true hepatic progenitor cells 

(HPCs),14–18 other work suggests that replication of existing cells is the dominant 

mechanism for tissue regeneration even in the setting of toxin-induced injury.19

Why the liver might utilize two different methods for regeneration has been a longstanding 

question in the field. Even if ADCs do not function formally as liver-repopulating progenitor 

cells, their habitual appearance following a wide range of hepatic injuries suggests that they 

play an important role in liver regeneration, and thus the mechanism by which they emerge 

during liver damage is of great importance. Against this backdrop, Boulter et al. have 

undertaken a series of experiments aimed at understanding the nature of the cell populations 

that arise following toxin-mediated injury and the paracrine signals that influence their 

behavior. Using a combination of expression studies, macrophage depletion, and ex vivo 

coculture, the authors propose a model whereby the balance between Notch and Wnt 

signaling in ADCs determines the proper ratio of BECs and hepatocytes during liver 

regeneration. They report their findings in the March issue of Nature Medicine.20

The authors begin their studies with a detailed immunohistochemical analysis and 3D 

reconstruction to characterize what they refer to as the hepatic progenitor cell “niche”—the 

population of nonparenchymal cells that arise alongside ADCs during liver injury. Using 

two different models: a murine choline deficient ethionine supplemented (CDE) model, 

which is thought to cause predominantly hepatocellular injury, and a DDC diet model, 

which is thought to cause predominantly biliary injury, the authors find two distinct patterns 

of infiltrating cells adjacent to the ADCs. Following hepatocyte injury, Kupffer cells were 

found in close proximity to the ADCs, whereas following biliary injury, ADCs were 

associated with portal fibroblasts and thick bands of collagen. Based on this difference in 

relative proximity, Boulter et al. hypothesized that these two cell populations (Kupffer cells 

and portal fibroblasts) might influence ADC behavior differently.

As portal fibroblasts express high levels of the Notch ligand Jagged1, Boulter et al. treated 

isolated ADCs with the γ-secretase inhibitor DAPT, which inhibits the Notch pathway. They 

observed a decrease in the expression of biliary markers, consistent with the known role of 

Notch signaling in biliary fate and identity. Furthermore, treatment of animals with DAPT in 

vivo led to a decrease in the number of ADCs. Interestingly, expression of the hepatocyte 

marker HNF4α was not increased by DAPT treatment, indicating that pharmacological 

inhibition of Notch was not sufficient to direct the ADCs to differentiate to the hepatocyte 

lineage.

Stanger and Greenbaum Page 2

Hepatology. Author manuscript; available in PMC 2015 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The authors observed that a number of Wnt pathway target genes, including Numb, were 

activated in the ADCs in both patient and murine hepatocellular injury models. Hence, they 

investigated whether Numb, which inhibits Notch signaling by facilitating proteasome-

mediated degradation of the Notch receptor, might induce ADCs to differentiate into 

hepatocytes. To test their hypothesis in vivo, they activated canonical Wnt signaling in 

ADCs by expressing a constitutively active form of β-catenin in these cells, an experiment 

that resulted in an increased number of hepatocytes exhibiting nuclear β-catenin in staining. 

Importantly, although the authors interpreted this finding as evidence that β-catenin 

activation directs ADCs to differentiate to the hepatocyte lineage, the absence of formal 

lineage tracing precludes such a conclusion.

Finally, Boulter et al. turned their attention to the cells that might be providing activating 

signals for these pathways. Having already concluded that Notch signals are derived from 

myofibroblasts, they sought to identify Wnt-producing cells in the injured livers and focused 

their attention on Kupffer cells. Several complementary lines of evidence indicated that 

these cells serve as a major source of Wnt ligand, including localization of Wnt-expressing 

macrophages adjacent to the ADCs and a demonstration that phagocytosis of hepatocellular 

debris by macrophages directly induces Wnt expression and paracrine activation of biliary 

markers in coculture experiments. Most convincingly, ablation of hepatic macrophages in 

vivo using liposomal clodronate (in the CDE model) caused an increase in ductular 

structures.

If one accepts the idea that ADCs function as progenitor cells, giving rise to both 

hepatocytes and BECs following toxin-mediated injury, then the study of Boulter et al. 

provides an interesting paradigm whereby the balance of Notch and Wnt signals (provided 

by myofibroblasts and macrophages, respectively) influences that cell fate decision. Given 

the controversial state of this proposition, however, their results need to be interpreted with 

great caution. The study does not employ lineage tracing, which might have more 

convincingly demonstrated their claims of shifts in lineage allocation, and much of the work 

relies on in vitro culture, where the lineage relationships and differentiation signals that exist 

in vivo can be overridden. Moreover, their model is at odds with observations from human 

liver disease, as patients often present with evidence of both hepatocellular injury and 

concomitant ductular cell expansion without evidence of significant portal fibroblast 

activation.

The two most intriguing pieces of data provided by Boulter et al. are the in vivo findings 

following treatment with the γ-secretase inhibitor DAPT and macrophage ablation with 

clodronate. The observation that DAPT treatment abrogates the ADC response is consistent 

with the notion that Notch signaling is necessary for the differentiation of a presumptive 

progenitor cell, but it is also consistent with the possibility that Notch signaling (or another 

γ-secretase-dependent signal) is important for the expansion of preexisting BECs that give 

rise to ADCs. In either case, this finding has clear functional significance, and the 

identification of portal myofibroblasts as the likely source of Notch ligand during the 

process is a good starting point for future mechanistic studies. Likewise, the observation that 

macrophage ablation during liver injury changes the balance of ADCs during regeneration 
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supports a previously underappreciated role for these cells (and potentially Wnt signaling) in 

liver regeneration following toxin-mediated injury.
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