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Abstract

The liver is a complex organ performing numerous vital physiological functions. For that reason, it 

possesses immense regenerative potential. The capacity for repair is largely attributable to the 

ability of its differentiated epithelial cells, hepatocytes and biliary epithelial cells, to proliferate 

after injury. However, in cases of extreme acute injury or prolonged chronic insult, the liver may 

fail to regenerate or do so suboptimally. This often results in life-threatening end-stage liver 

disease for which liver transplantation is the only effective treatment. In many forms of liver 

injury, bipotent liver progenitor cells are theorized to be activated as an additional tier of liver 

repair. However, the existence, origin, fate, activation, and contribution to regeneration of liver 

progenitor cells is hotly debated, especially since hepatocytes and biliary epithelial cells 

themselves may serve as facultative stem cells for one another during severe liver injury. Here, we 

discuss the evidence both supporting and refuting the existence of liver progenitor cells in a variety 

of experimental models. We also debate the validity of developing therapies harnessing the 

capabilities of these cells as potential treatments for patients with severe and chronic liver 

diseases.
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INTRODUCTION

Adult mammals possess limited organ repair capabilities, unlike lower vertebrates, such as 

fish or amphibians (1, 2). During postnatal development, mammals lose most of their 

competence for regeneration, except for minimal levels of maintenance during tissue 
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homeostasis (1, 3, 4). In general, adult mammalian organs produce nonfunctional connective 

tissues after injury instead of functional restoration of lost parenchyma (5, 6). While the 

acute and chronic deposition of scar tissue is a protective response to reduce organ damage 

caused by additional insults, it results in the progressive loss of function that underlies a 

majority of chronic diseases, particularly in aging populations (2, 6). However, the 

mammalian liver is a unique organ that maintains the ability to regenerate tissue into 

adulthood at comparable levels to the regenerative capacity of fetal liver and the livers of 

lower vertebrates. The liver can restore lost functional parenchyma after various hepatic 

injuries, including restoring hepatic mass after surgical removal (7, 8). This extraordinary 

regenerative capacity is mainly based on the self-replication ability of the two main 

epithelial cell types: hepatocytes (HCs) and biliary epithelial cell (BECs, also known as 

cholangiocytes) (7,8). These two cell populations exit quiescence and replicate to 

compensate for lost functional parenchyma in response to both acute and chronic injuries.

However, regenerative mechanisms following acute liver injury (such as surgical removal of 

liver tissue or damage from hepatotoxic drug overdoses) exhibit distinct phenotypic 

differences from liver regeneration in the setting of chronic liver injury. Within a healthy 

liver, BECs are usually confined to the interlobular bile ducts that form the biliary tree, a 

complex network of tubules that functions to collect HC-derived bile and eventually 

transport it to the common bile duct, which drains into the duodenum (9). HCs secrete bile 

into the bile canaliculi, which connect with the smallest proximal ductules at the ductular–

hepatocellular junctions known as the canals of Hering (9, 10) (Figure 1). Anatomically, the 

bile ducts are located near the portal vein and hepatic artery in a structure known as the 

portal triad, which is separated by linear cords of HCs from the central vein (9). However, 

during many types of liver injury there is an expansion of cells that express BEC markers, 

known as reactive BECs, from the periportal region into the surrounding parenchyma 

(Figure 1). This phenomenon is termed the ductular reaction (DR) and defined as a reaction 

of ductular cells, although it does not necessarily indicate their ductular origin (10). This 

definition affords flexibility to the cell of origin of the DR, as there is evidence that cells 

besides BECs can give rise to the cells of the DR, which is discussed in the section titled 

The Ductular Reaction in Human Liver Disease. The DR is considered by some to stem 

from the activation and expansion of liver progenitor cells (LPCs), also known as oval cells 

in rodents, which are bipotent cells capable of giving rise to HCs or BECs (8) (Figure 2). 

Indeed, in various murine models of hepatobiliary injury, ductular markers such as Sox9 are 

expressed by the DR or by HCs (Figure 3). This has led others to theorize that there are no 

progenitors in the liver, but during liver injury HCs and BECs can function as facultative 

stem cells that can transdifferentiate into one another, and the DR is evidence of such 

cellular plasticity (7) (Figure 4). The DR is a complex process that has different phenotypes 

in different injury conditions, but in general it is associated with infiltration of inflammatory 

cells, activation of myofibroblasts, and matrix deposition (11). Despite the prevalence of the 

DR after liver injury, the origin, fate, and exact roles of LPCs in the diseased liver are 

heavily debated and remain largely elusive.

Currently, liver transplantation is the only reliable treatment for prolonging the lives of 

patients with advanced liver diseases. However, the number of donor livers is not sufficient 

to match an increasing demand (12). Therefore, alternative therapeutic options are 
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desperately needed. Given the prevalence of DRs in human diseased liver and recent 

findings that suggest LPCs could be a reliable source of new HCs in diseased liver, 

promoting the differentiation of activated LPCs into parenchymal liver cells has garnered 

attention as a potential therapeutic option for patients with advanced liver diseases. 

However, the pathophysiology and molecular mechanisms underlying the DR and its 

subsequent differentiation remain largely unknown. This review summarizes the available 

models for studying LPC-driven liver regeneration and discusses updated findings from 

these models and their potential benefits and limitations for clinical application in end-stage 

liver diseases.

THE DUCTULAR REACTION IN HUMAN LIVER DISEASE

The activation of the DR is thought to be triggered by an impairment of the regenerative 

capacity of the differentiated epithelial cells of the liver during liver injury. In support of this 

theory, one study found that patients diagnosed with acute liver failure or severe liver 

impairment who exhibited severe loss (>50%) of HCs in combination with impaired 

proliferation of the remaining HCs developed a robust DR (13). This study also tracked the 

appearance of intermediate HCs [those that express the BEC markers cytokeratin (CK) 7 or 

CK19] and concluded that LPCs appear early but need approximately 1 week to differentiate 

into HCs (13). In line with this theory, the spontaneous recovery of patients with massive 

hepatic necrosis, a condition in which nearly all parenchymal cells are acutely lost, is 

theorized to occur partly via LPC-mediated liver regeneration (reviewed in Reference 14). 

There is also evidence of LPC-derived HCs in human cirrhosis patients with parenchyma 

extinction (15). However, even in the setting of acute liver failure, the degree of DR is 

positively correlated with liver stiffness and hepatic stellate cell activation (14, 16), 

demonstrating an intricate relationship between these various cell types (reviewed in 

Reference 17).

In chronic liver injury, the degree of the DR positively correlates with disease severity in a 

wide range of pathological settings (14, 18–21). In chronic hepatitis C virus (HCV) 

infection, an advanced stage of fibrosis was associated with higher numbers of activated 

hepatic stellate cells and LPCs, both in adult (22) and pediatric patients (23). In patients with 

nonalcoholic steatohepatitis (NASH), the degree of DR strongly correlated with HC 

replicative arrest, fibrosis stage, and extent of portal inflammation, specifically CD68+ 

macrophages and CD8+ lymphocytes (24,25). Furthermore, in patients with NASH, 

expansion of the DR reaction into the centrilobular region correlated with fibrosis stage and 

fibrosis progression (26). In pediatric NASH, the degree of proinflammatory macrophage 

polarization also correlated with disease severity, DR, and portal fibrosis (27).

Although the DR is observed in almost all forms of severe and chronic liver injury, there are 

thought to be disease-specific phenotypic differences (Figure 1b–e). The cells of the DR can 

differ in morphology, ranging from organized ductules with clear lumen to more 

disorganized strings of cells with no visible lumen, and the morphology varies depending on 

the etiology of the liver injury (reviewed in Reference 19). A recent study characterized the 

DR in the cholangiopathies primary sclerosing cholangitis (PSC) and primary biliary 

cholangitis (PBC) and found that while the DR was a prognostic marker in both conditions, 

Ko et al. Page 3

Annu Rev Pathol. Author manuscript; available in PMC 2021 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the DR phenotype and activation of signaling pathways differed between PSC and PBC (28). 

Another study used laser capture microdissection to isolate cells of the DR from patients 

with HCV or PSC, and high-throughput RNA sequencing revealed numerous differences, 

including a neoangiogenesis signature in HCV in contrast to a profile of oxidative stress–

related and proinflammatory gene expression in PSC (29).

There is evidence that LPCs themselves can secrete proinflammatory and profibrogenic 

cytokines (30). In alcoholic hepatitis, the expansion of the DR correlates with disease 

progression, and cells of the DR have been found to express chemokines and inflammatory 

mediators, promoting neutrophil infiltration in the periportal area (31). A recent study found 

that activation of noncanonical NF-κB signaling via RELB in BECs was important for BEC 

proliferation during the DR in a variety of pathologies, including PSC, PBC, NASH, 

autoimmune hepatitis, viral hepatitis, and alcoholic liver disease. In early-stage PBC and 

PSC, the expression of the cytokine lymphotoxin-β increased in BECs and induced RELB 

activation. A corresponding mouse model found that deletion of RELB reduced 

inflammatory cell infiltration and the expression of inflammatory cytokines (32), providing 

further evidence that cells of the DR can promote inflammation.

A subset of patients with chronic liver disease will go on to develop hepatocellular 

carcinoma (HCC). Chronic inflammation is known to be a driver of hepatic carcinogenesis 

(33). There is a long-standing debate about the role of LPCs in hepatic tumorigenesis (34). 

LPCs are thought to be a potential source of HCC due to the strong association between the 

DR and the progression of chronic liver disease and the fact that up to 50% of human HCCs 

express markers of BECs. Additionally, in humans approximately 55% of small cell 

dysplastic foci are composed of LPCs and intermediate HCs (35). Furthermore, proliferating 

peritumoral DR was found to strongly correlate with inflammation and fibrosis, and it was 

an independent prognostic factor for disease-free survival after surgical resection of HCC 

(36, 37). A proliferating peritumoral DR was also found to correlate with overall survival 

and disease-free survival posthepatectomy in patients with combined hepatocellular–

cholangiocarcinoma (38). These data underscore the clear clinical significance of the DR in 

liver disease, providing the impetus to study the role of the DR in liver disease and 

tumorigenesis in a variety of animal models.

EVIDENCE FOR HEPATIC STEM CELLS IN FETAL AND ADULT LIVER

While the idea of an LPC population in the liver remains a controversial topic, the presence 

of LPCs in liver development is unequivocal (Figure 2a). The liver originates from the 

foregut endoderm, and during hepatic specification there is formation of the liver bud, which 

is composed of hepatoblasts that give rise to both HCs and BECs (for a full review of liver 

development see References 39, 40). A subset of hepatoblasts have been shown to have 

classical stem cell–like properties and have been termed hepatic stem cells (HpSCs) (39). 

Cells expressing c-Met and CD49f and negative for c-Kit, CD45, and TER119 isolated from 

embryonic day (E) 13.5 fetal mouse liver were found to self-renew in culture and give rise to 

HCs and BECs. In fact, during in vivo transplantation experiments, these cells were found to 

be multipotent by their capability of differentiating into pancreatic ductal and acinar cells or 

intestinal epithelial cells (41). Another group identified delta-like 1 homolog (Dlk1)–positive 
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cell fractions isolated from E14.5 fetal mouse liver to be highly proliferative and found that 

it could differentiate into BECs and HCs in vitro (42). These cells gave rise to HCs when 

transplanted intrasplenically in vivo. In human fetal liver samples, CD117+;CD34+;CD90− 

cells were found to express both hepatic and biliary markers in vitro (43). Other groups 

identified cells that express markers such as CD133; CK8, 18, and 19; CD44H; telomerase; 

claudin 3; and albumin (44). Additional markers expressed included CD34, CD90, c-Kit, 

EpCAM, c-Met, vimentin, and SSEA-4 (45). These cells have displayed more than 100 

population doublings in culture and the ability to differentiate into fat, bone, cartilage, and 

endothelial cells. When α-fetoprotein (AFP)+;CK19+;albumin+ HpSCs were isolated from 

E14 rat livers and transplanted into rats subjected to 70% partial hepatectomy (PHx), they 

transdifferentiated into both HCs and BECs and represented 23.5% of total liver mass after 6 

months, suggesting continuous proliferation of the donor cells during the duration of the 

experiment (46). However, the question remains whether HpSCs are confined to fetal liver 

development or persist into adulthood.

A potential location for HpSCs in the adult liver is in the canals of Hering. Examination of 

human postnatal liver samples has revealed hybrid cells in the canals of Hering that express 

HpSC markers (44, 47, 48), such as BECs that weakly express Hnf4α and HCs that weakly 

express Hnf1β(49). In normal adult mice, a small fraction of cells expressing markers, such 

as EpCAM, CD133, CD13, and SOX9, have been isolated and reported to be adult LPCs 

(50–52), although the efficiency of these cells to form colonies and differentiate into HCs in 

vitro was reduced with age(53). In line with these results, single SOX9-positive ductal 

progenitor cells formed self-renewing organoids in culture (54). More recently, ST14 was 

identified as a marker of clonogenic cholangiocytes that gave rise to organoids that could be 

serially passaged, although it was not determined whether these ST14-positive BECs were 

localized to the canals of Hering (55). Studies using sub-lethal acetaminophen overdose have 

demonstrated through bromodeoxyuridine administration that the cells in the canals of 

Hering are label-retaining cells, a property characteristic of stem cell niches (56, 57). 

Likewise, cells in the canals of Hering have been shown to be regulated by Hedgehog 

signaling, similar to the progenitor compartments of other organs, such as skin, bone 

marrow, and intestine (58). A laminin-containing basement membrane is present in the 

canals of Hering (57, 59). Laminin has been shown to be important for the proliferation and 

maintenance of LPCs in culture (60) and surrounds LPCs during liver injury in vivo (61, 62). 

Additional morphological studies after severe liver injury in mice have indicated that LPCs 

may be derived from the canals of Hering (63) (Figures 2b and 3). Collectively, these data 

suggest the existence of a population of LPCs in the adult liver that functions in liver 

regeneration in specific models of liver injury rather than contributing to homeostasis in an 

adult liver.

EVIDENCE FOR LIVER PROGENITOR CELLS AND BILIARY EPITHELIAL 

CELL TO HEPATOCYTE DIFFERENTIATION IN RODENT MODELS

Original Description of Oval Cells in Rats

The first description of what came to be known as putative adult LPCs after hepatic injury 

was a study of liver injury in rats published in the 1950s (64). In a study cataloguing the 

Ko et al. Page 5

Annu Rev Pathol. Author manuscript; available in PMC 2021 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



histological changes following the administration of chemical carcinogens in rats, Dr. 

Emmanuel Farber(64) noted that a very early change was the proliferation of what he termed 

oval cells, which first appeared in the periportal area and over time expanded throughout the 

entire liver lobule, a phenomenon also described as a DR. These cells were presumed to be 

of BEC origin (64). It was noted that the expansion of these cells preceded liver 

regeneration, and it was speculated that oval cells were giving rise to a subset of HCs in 

hyperplastic liver nodules. It was further found that oval cells expressed fetal liver markers 

such as AFP (65). Studies of azo dye carcinogenesis similarly reported the transitioning of 

oval cells into HCs (66, 67), and it was suggested that oval cells function to provide new 

HCs during prolonged, severe liver injury. However, the origin and fate of oval cells was 

intensely debated (8). Other groups performed cell-labeling experiments with tritiated 

thymidine in multiple models of liver injury, including chemical carcinogenesis, bile duct 

ligation [a surgical procedure in which the common bile duct is ligated, leading to 

obstructive cholestasis, proliferation of BECs, and periportal fibrosis (68)], and in PHx in 

combination with carbon tetrachloride administration and argued that oval cells did not give 

rise to HCs and instead underwent removal by cell death (69–71).

The study of oval cells was furthered by the development of new rodent models, including 

the Solt–Farber model of hepatocarcinogenesis in which rats were injected with 2-

acetylaminofluorene (2-AAF) to block HC proliferation and then subjected to PHx, which 

led to a massive expansion of oval cells (72). Administration of the biliary toxin methylene 

dianiline (DAPM) prior to the 2-AAF–PHx protocol blocked the expansion of oval cells and 

prevented the expression of AFP, providing further evidence that oval cells were derived 

from cholangiocytes(73). Pulse-chase labeling of oval cells with tritiated thymidine (74, 75) 

and careful immunohistochemical analysis (76) in the 2-AAF–PHx model demonstrated the 

conversion of oval cells into HCs, leading to the hypothesis that oval cells give rise to HCs 

only when HC proliferation is impaired in the context of liver injury, an idea that remains 

popular to this day (Figures 2 and 4). However, due to a lack of fate-tracing studies in rat 

models and an inability to use 2-AAF in mice, conclusive studies demonstrating that BECs 

are the source of LPCs and, eventually, HCs have continued to nag the field in general.

The Model Choline-Deficient, Ethionine-Supplemented Diet

Another model used to study oval cells in rats involved the combination of the 

hepatocarcinogen ethionine with choline deficiency. Prolonged choline deficiency induces 

liver tumors in rats (77,78). Ethionine is an analog of methionine and is extremely toxic to 

cells. Its incorporation into proteins reduces protein translation and inhibits DNA replication 

(79), and prolonged administration of ethionine also promotes the development of liver 

tumors in rats (64). Administration of a choline-deficient, ethionine-supplemented (CDE) 

diet in rats led to acute immune infiltration, cell necrosis, fat accumulation, and massive oval 

cell proliferation (80). The CDE diet model has since been adapted for use in mice, where it 

also gives rise to steatohepatitis and oval cell expansion (81). The efficiency and speed of the 

CDE diet in promoting the expansion of putative LPCs has made it a widely used model in 

this field (Figure 3c). Liver intravital microscopy revealed a compromised blood–bile barrier 

in mice fed the CDE diet for 4 days, which was accompanied by disruption of tight junctions 

as well as liver injury (82). Deposition of matrix around the portal tract occurs as early as 3 
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days after feeding a CDE diet and increases over the course of injury, but expansion of the 

DR begins around day 7 of CDE diet–induced liver injury and continues to increase over 

time (62, 83).

It has been theorized that hepatic injury–mediated inflammatory signaling is required for the 

initiation of the DR. Previously it was shown that a type 1 T helper (Th1) cell–mediated 

cellular immune response is necessary for a DR by demonstrating impaired LPC activation 

in CDE diet– fed mice that were immunocompromised due to a defect in T cell–mediated 

immune response genes such as CD3E, Rag2, and IFNR (84, 85). In fact, bone marrow cell 

transplantation or the injection of recombinant tumor necrosis factor (TNF)-like weak 

inducer of apoptosis (TWEAK) is sufficient to induce a DR in mice even in the absence of 

liver injury, supporting the role of macrophages and TWEAK in triggering the DR (86).

Although it has long been speculated that oval cells give rise to HCs in the CDE diet injury 

model, the advent of lineage tracing in mice has allowed researchers to directly test this 

hypothesis. First, it was shown that the cells of the DR observed after CDE diet feeding are 

of BEC origin; one group labeled ductal plate cells (an embryonic structure consisting of a 

single-layered sleeve of Sox9-positive cells around the periportal mesenchyme that gives rise 

to cholangiocytes and periportal HCs) with yellow fluorescent protein (YFP) via Sox9-
CreERT2 and found that after CDE diet administration the CK19-positive oval cells also 

expressed YFP, indicating ductal plate origin (87). Other lineage tracing systems used to 

label BEC-derived oval cells in CDE diet–fed mice include osteopontin (OPN)-CreERT2 
(59), Foxl1-Cre (88), Hnf1-CreERT2 (89), and Krt19-CreERT2 (90–92). While these BECs 

do not contribute to HCs during homeostasis or during toxic or surgical loss of liver mass 

(54, 59, 90), several studies demonstrated that LPCs give rise to HCs after CDE diet–

induced liver injury, which is followed by recovery on normal chow, with the proportions of 

LPC-derived HCs ranging from 1.86% (89) to 2.45% (59) to 29% in one study in which 

analysis was limited to mice that lost more than 14% of their initial body weight upon 

exposure to the CDE diet (88). However, other groups performing lineage tracing in the 

CDE diet model have found that BECs do not significantly contribute to HCs. One study 

utilizing Sox9-CreERT2 to label BECs found no BEC-derived HCs after CDE diet and 

recovery (54). Another group utilized Krt19-CreERT2 to label BECs and failed to detect 

BEC-derived HCs after CDE diet and recovery (90). Several groups have utilized adeno-

associated virus serotype 8 (AAV8), a virus that preferentially infects HCs (93), to deliver 

Cre recombinase driven by an HC-specific promoter. With this technique, more than 99% of 

HCs can be genetically labeled (90, 92–94). In these HC lineage-tracing studies, several 

groups found no contribution of BECs to HCs during CDE diet and recovery (90, 94).

Comparing 2-AAF–PH studies in rats with CDE studies in mice, a potential explanation for 

the presence of very-few-to-no BEC-derived HCs in mice is that HC proliferation is not 

impaired during a CDE diet in mice (54, 92, 94). One group utilized the Ah-Cre system to 

conditionally delete the E3 ubiquitin ligase Mdm2 in up to 98% of HCs, leading to 

overexpression of p21, HC senescence, HC injury, and widespread DRs. LPCs isolated from 

CDE diet–fed mice were transfected with a green fluorescent protein (GFP) plasmid and 

transplanted into Mdm2 HC null mice, and after 3 months, GFP-positive HCs and BECs 

represented approximately 15% of liver tissue, suggesting LPC-to-HC differentiation (95). 
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In a follow-up study, Krt19-CreERT2 was utilized to label BECs, and animals were injected 

with AAV8-p21 to overexpress p21 in HCs, followed by CDE diet and recovery, which 

resulted in approximately 15.3% of HCs being derived from BECs. In the same study, the 

authors used AAV8-thyroid binding globulin (TBG)-Cre to delete β1-integrin specifically in 

HCs, which were simultaneously labeled with the marker tdTomato. When these animals 

were given a methionine- and choline-deficient (MCD) diet to induce liver injury, followed 

by a recovery on a normal diet, 20–30% of HCs were found to be tdTomato-negative, 

indicating they did not originate from a preexisting HC. These results were confirmed in 

Krt19-CreERT mice with tdTomato-labeled BECs given RNA interference against Itgb1 
(β1-integrin) and subjected to an MCD diet followed by recovery, in which tdTomato-

positive HCs were observed (91). In a recent study from our group, mice with HC-specific 

enhanced YFP (eYFP) labeling and simultaneous deletion of β-catenin via AAV8-TBG-Cre 
that were subjected to a CDE diet displayed a profound impairment of HC proliferation (92). 

Following recovery on a normal diet for 2 weeks, there was expansion of β-catenin-positive, 

eYFP-negative HCs, accounting for approximately 20% of periportal HCs. Interestingly, at 

between 3 and 7 days of recovery on a normal diet after a CDE diet, small β-catenin-positive 

HCs were observed along with β-catenin+;CK19+;Hnf4α+ cells, suggesting they were BECs 

in the process of differentiating into HCs. Positive lineage tracing via Krt19-CreERT2 mice 

with tdTomato-labeled BECs injected with Ctnnb1 RNA interference and placed on a CDE 

diet, followed by recovery, resulted in tdTomato-positive HCs, confirming that BECs were 

giving rise to HCs in this model (92). Together, these results suggest that when HC 

proliferation is impaired in the CDE diet model, BECs and LPCs give rise to HCs.

The DDC Diet Model

Another model that has been used to study DRs and potential BEC-to-HC differentiation is 

the 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet, which causes porphyrin plugs in 

the bile, leading to bile duct obstruction, DR, cholangitis, and periportal fibrosis (96) (Figure 

3d). A notable feature of the DDC diet, in addition to the robust proliferation of HCs and 

BECs, is the appearance of biphenotypic HCs that express Hnf4α and biliary marker A6 

(97). However, similar to work with the CDE diet, different groups have reported conflicting 

conclusions regarding LPC-to-HC differentiation. Groups utilizing Krt19-CreERT2 mice 

(90) or Sox9-CreERT2 mice (54) with labeled BECs found no BEC-derived HCs after 4 

weeks of DDC diet–induced liver injury(54) or 2–3 weeks of DDC diet followed by 

recovery on a normal diet (90). However, when HC proliferation was impaired through the 

deletion of HC-specific β1-integrin or overexpression of p21 and animals were subjected to 

a DDC diet and recovery, significant numbers of BEC-derived HCs were observed (91). One 

group did lineage tracing of Lgr5+ cells and found that while Lgr5 was not readily detectable 

in normal liver, treatment with a DDC diet led to the labeling of both BECs and HCs. When 

single Lgr5+ cells were isolated, they could be cultured into self-renewing organoids 

expressing markers of both BECs and HCs. These organoids could differentiate into HCs 

when transplanted in vivo, suggesting that these Lgr5+ cells marked damage-induced 

LPCs(98). In a recent study, Krt19-CreERT2 mice with labeled BECs were fed a DDC diet 

for 24 weeks, and that led to 9.1% of HCs being derived from BECs (99). This study 

provides proof of concept that extended liver insult may yield BEC-derived HCs even in the 
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absence of any genetic manipulation, and, thus, it supports such phenomena occurring 

during chronic liver injury in humans.

It has also been reported that epigenetic chromatin remodeling plays important roles in LPC 

activation in models such as the DDC diet. Polycomb repressive complexes (PRCs) have 

been reported to be crucial regulators of the proliferation of hepatoblasts (100, 101) and 

LPCs (102) via repression of Bim1 expression (100). Jalan-Sakrikar et al. (102) suggested 

that Hedgehog signaling is an upstream regulator of enhancer of zeste homolog 2 (EZH2)–

PRC during proliferation of LPCs in DDC-fed mice. Recently, it was reported in both 

zebrafish and mice that chromatin readers of the bromodomain and extraterminal (BET) 

protein family regulate LPC activation in a myca-dependent manner (103). Altogether, 

chromatin modification appears necessary for activation of a quiescent LPC, although 

further studies are needed. Likewise, the distinct roles of chromatin remodeling in the 

reprogramming or dedifferentiation of parenchymal cells during regeneration require further 

investigation.

The Thioacetamide Model of Liver Injury

Another model that has been used to study BEC-to-HC differentiation is thioacetamide 

(TAA)-induced liver injury. TAA is processed into a toxic metabolite in HCs and induces 

centrilobular necrosis (104). Chronic administration of TAA in drinking water leads to the 

development of cirrhosis (105). A recent study utilized AAV8-TBG-Cre to label HCs with 

tdTomato and simultaneously deleted β1-integrin in HCs. When these mice were exposed to 

TAA for 3 weeks, followed by recovery on normal diet, 20–30% of HCs were tdTomato-

negative (91). A more recent study subjected Krt19-CreERT2 mice with labeled BECs to 

TAA treatment for 24 weeks and found that approximately 10% of HCs were BEC derived 

(99). Excitingly, the authors of this study identified biphenotypic cells with BEC 

morphology that expressed CK19 and Hnf4α, and these accounted for approximately 3.87% 

of the ductular cells. These cells had reduced expression of mature BEC markers such as 

protein kinase Cζ and primary cilia, and they did not express Lgr5 or AFP, which led the 

authors to claim that these cells were BECs directly converting into HCs as opposed to 

undergoing differentiation through an LPC intermediate stage (99). However, the expression 

of more widely accepted markers of LPCs was not assessed in this study, and the renewal 

capacity of these cells was not tested in vitro. Hence, the question remains whether these 

biphenotypic cells represent the differentiation of mature BECs or activation of LPCs 

(Figures 2b and 4).

TRANSDIFFERENTIATION OF HEPATOCYTES INTO BILIARY EPITHELIAL 

CELLS: EVIDENCE FOR THE FACULTATIVE STEM CELL HYPOTHESIS

An alternative theory to that of LPCs is that there is no stem cell population in the liver and, 

instead, HCs and cholangiocytes serve as facultative stem cells (7, 106), meaning that the 

normal cell population dedifferentiates in response to injury. By this theory, cholangiocytes 

directly transdifferentiate into HCs and vice versa to mediate liver regeneration when normal 

proliferation of one of these populations is impaired (Figures 3c,d and 4). In the case of HC-

to-cholangiocyte transdifferentiation, this theory is supported both in vivo and in organoid 
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cultures. Rats lacking the enzyme dipeptidyl peptidase IV (DPPIV) were given retrorsine, an 

agent that blocks HC proliferation, and then transplanted with DPPIV-positive HCs, which 

resulted in livers with colonies of donor-derived DPPIV-positive HCs. When organoid 

cultures were derived from these hybrid livers, cells resembling BECs on the surface of the 

organoid culture were found to be DPPIV-positive, indicating HC origin (107). This finding 

was further confirmed when DPPIV-negative rats were given retrorsine and subjected to PHx 

followed by transplantation with DPPIV-positive HCs. When these chimeric livers were 

pretreated with the biliary toxin DAPM and subjected to bile duct ligation, the appearance of 

DPPIV-positive ductules was observed (108). A similar study found that GFP-labeled HCs 

transplanted into rats after bile duct ligation adopted a cholangiocyte phenotype, indicating 

HC-to-BEC transdifferentiation (109).

The DDC diet has also been used to study HC-to-cholangiocyte differentiation. When mice 

were given AAV8-TBG-Cre to label HCs with YFP and subjected to the DDC diet or bile 

duct ligation, YFP-positive cells with biliary morphology that expressed BEC markers were 

detected(97). A different study found that Sox9+;EpCAM− cells isolated from DDC diet–fed 

mice could differentiate into HCs or BECs in vitro (110). Yet another study utilized β-

galactosidase-labeled HCs transplanted into mice subjected to retrorsine treatment, PHx, and 

carbon tetrachloride (CCl4) or DDC injury and observed β-galactosidase-positive BECs 

(111). A recent study identified tdTomato-positive BECs following DDC diet–induced liver 

injury in mice expressing tdTomato only in telomerase reverse transcriptase–positive random 

HCs (112).

In terms of the signaling pathways that drive HC-to-BEC transdifferentiation, the crucial 

role of Notch signaling has been confirmed by numerous groups. HC-specific 

overexpression of the Notch intracellular domain (NICD) in the absence of injury was 

sufficient to induce HC-to-BEC conversion, and HC-specific deletion of Rbpj (the principal 

effector of Notch signaling) in mice fed a DDC diet significantly reduced the number of HC-

derived BECs, suggesting that Notch signaling is required for HC reprogramming (97). 

Another group found that in chronic DDC diet–induced liver injury, the majority of 

cholangiocytes were derived from HCs, and the DR in these mice was significantly 

increased by NICD overexpression and significantly reduced by deletion of Hes1, a Notch 

target gene (113). Notch signaling was also shown to be required for in vitro differentiation 

of LPCs into BECs, and in vivo blockage of Notch receptor cleavage during administration 

of a DDC diet reduced the extent of the DR, which was attributed to impaired HC 

dedifferentiation (114). Importantly, the overexpression of YAP in HCs was sufficient to 

dedifferentiate HCs into ductal-like cells, and Notch signaling was found to be a 

downstream target of YAP signaling during the dedifferentiation process (115). Similarly, 

another group described periportal HCs that express Sox9 and differentiate into ductal cells 

after DDC diet–induced liver injury (116). Another signaling pathway that may be involved 

in HC-to-BEC transdifferentiation is the Wnt/β-catenin signaling pathway. Mice 

overexpressing a stabilized form of β-catenin showed increased HC expression of BEC 

markers after DDC diet–induced liver injury, along with improvement in cholestasis (117), 

and blocking Wnt secretion from BECs via deletion of Wntless reduced the number of HCs 

expressing BEC markers following administration of a DDC diet (118).
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Intriguingly, some lineage-tracing studies performed on mice fed a DDC diet or subjected to 

bile duct ligation detected no evidence of HC-derived BECs (93). Other groups showed that 

HCs that adopt a biliary phenotype during injury revert back to the HC fate upon the 

cessation of injury, arguing for the process to be metaplasia rather than transdifferentiation 

(119). Interestingly, a recent paper demonstrated the transdifferentiation of HCs into BECs 

in a mouse model of human Alagille syndrome. Mice with Alb-Cre–mediated deletion of 

Rbpj and Hnf6 both in HCs and cholangiocytes are born lacking peripheral bile ducts, but 

they spontaneously form intrahepatic bile ducts by approximately 4 months of age. Labeling 

HCs in these mice with GFP via injection of AAV8 encoding flippase under an HC-specific 

promoter led to the demonstration of newly derived GFP-positive BECs, indicating their HC 

origin (120). The study further proved that this transdifferentiation of HCs into BECs 

required transforming growth factor-β (Tgfβ) signaling, as Alb-Cre
+/−;Rbpjf/f;Hnf6f/f;Tgfbr2f/f mice failed to form de novo peripheral bile ducts. These HC-

derived bile ducts were stable throughout life, indicating true HC transdifferentiation (120).

LIVER PROGENITOR CELLS IN LIVER CANCER

In addition to determining their role in liver regeneration, the role of LPCs in the 

development of liver cancer has been an area of interest (Figure 5). The extent of expansion 

of the DR during liver injury correlates with the severity of liver injury, and LPCs are known 

to secrete a host of profibrogenic and proinflammatory factors (30). Combined with the 

putative stem cell–like properties of LPCs, this has led to the speculation that LPCs during 

prolonged chronic liver injury can give rise to cancer (Figure 5). Recently, the theory of 

cancer stem cells (CSCs)—a small fraction of tumor cells that are capable of tumor 

formation and growth, self-renewal, and differentiation into mature cells—has gained 

support, including from the identification of CSCs in liver cancer (121–123). Most HCCs 

and intrahepatic cholangiocarcinomas (ICCs) arise in conditions of chronic injury and 

inflammation, such as viral hepatitis, nonalcoholic fatty liver disease, alcoholic liver disease, 

and PSC. The expansion of LPCs during chronic liver injuries may potentiate their 

transformation and subsequent development into liver cancers; indeed, many HCCs express 

markers of LPCs, such as AFP and CK19 (35). One of the first studies to address whether 

LPCs could function as CSCs involved the isolation, purification, and generation of oval cell 

lines from rats fed a CDE diet. These cell lines were found to be nontransforming and 

nontumorigenic when injected into nude mice; however, when transfected with the rasH 

oncogene and injected into nude mice, they gave rise to tumors resembling well-

differentiated trabecular HCC (124).

Analysis of human and mouse tumors has provided some evidence that LPCs may be the 

origin of certain liver cancers. Analysis of an EpCAM+;AFP+ HCC subtype revealed that 

these cells exhibited properties of CSCs and gave rise to invasive HCC when injected into 

nonobese diabetic, severe combined immunodeficient (NOD-SCID) mice (125). Another 

group identified a subgroup of human HCC that expressed markers of fetal hepatoblasts and 

oval cells and indicated a poor prognosis (126). Hepatic stem cells isolated from E13.5 mice, 

transfected with Bmi1 and constitutively active β-catenin, and transplanted into NOD-SCID 

mice, gave rise to tumors with combined features of HCC and cholangiocarcinoma (127). 

Mutations in isocitrate dehydrogenase 1 (IDH1) or IDH2 are common in ICC, and it was 
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shown that mutations in IDH1 or IDH2 prevented LPCs from differentiating into HCs 

through suppression of Hnf4α. Furthermore, liver-specific expression of IDH2R172K and 

KrasG12D led to the development of ICC with simultaneous oval cell expansion, although it 

was unclear whether these tumors developed from LPCs or HCs (128). Another study 

identified human HCC cells that expressed stem cell markers and lacked expression of 

TGFβ receptor type II and embryonic liver fodrin (ELF), a molecule crucial in TGFβ 
signaling. Mice heterozygous for Elf developed spontaneous HCC driven by interleukin 

(IL)-6 signaling (129). IL-6 signaling was also identified as an autocrine signaling pathway 

in HCC progenitor cells isolated from mice treated with diethylnitrosamine (DEN) followed 

by retrorsine and CCl4, and these cells were found to be transcriptomically similar to oval 

cells. However, the authors demonstrated that their HCC progenitor cells gave rise to HCC 

after transplantation into major urinary protein (MUP)–urokinase-type plasminogen 

activator (uPA) mice, whereas oval cells did not, leading the authors to theorize that their 

HCC progenitor cells originated from dedifferentiated HCs (130).

Along these lines, although many cases of human or rodent HCC exhibit markers of LPCs, 

there is a debate over whether the cell that gave rise to the cancer was actually an LPC or a 

dedifferentiated HC. More recent lineage-tracing experiments have led to mixed results 

about whether LPCs are the origin of HCC. One group utilized Sox9-CreERT2 to label 

BECs with eYFP in mice with HC-specific expression of human unconventional prefoldin 

RPB5 interactor, which leads to NAD+-deficit-induced DNA damage and tumorigenesis. By 

65 weeks of age, 46% of tumors in mice were heterogeneously positive, while 8% were 

completely positive, for eYFP. It was determined that 54% of the lesions that were positive 

for eYFP were benign dysplasia, regenerative nodules, or hepatocellular adenomas, and only 

14% of HCCs originated from LPCs. However, when the authors performed lineage tracing 

in other models of HCC, including injection with DEN followed by CCl4 injections and in 

mice with HC-specific loss of Mdr2, they found that all HCCs originated from HCs (131). 

Similarly, Sox9-CreERT2 was used to label BECs with YFP and in tumorigenesis models 

including DEN injections, and no YFP-positive tumors were detected in MUP-uPA mice fed 

a high-fat diet or in mice with streptozotocin-induced diabetes fed a high-fat diet (116). In 

mice fed TAA for 52 weeks, all tumors were found to be derived from endogenous HCs, not 

BECs or BEC-derived HCs (99). Finally, when OPN-CreERT2 was used to label BECs with 

YFP and mice were subjected to repeated injections of DEN, CCl4, or a combination of the 

two, no YFP-positive HCCs were detected. Furthermore, when AAV8-TBG-Cre was used to 

label HCs with YFP, the LPCs within the tumors induced by DEN or CCl4 were found to be 

YFP-positive, indicating their derivation from HCs (132). The apparent lack of LPC-derived 

tumors may signify that LPCs are more resistant to oncogenic transformation or that HCs 

are more prone to accumulating DNA damage, as they are the cell type that express enzymes 

that metabolize chemicals such as DEN and CCl4 into toxic by-products. The former 

hypothesis is not supported by the observation that LPCs, hepatoblasts, and HCs transfected 

with H-Ras and SV40LT all acquired CSC properties and initiated fast-growing tumors 

(133).

Furthermore, multiple experimental mouse models have described the dedifferentiation of 

HCs into LPCs following activation of Notch signaling or YAP1 through inactivation of the 

Hippo pathway kinases MST1 and MST2 or the cell junction regulator Merlin (Nf2) (115, 
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134, 135). These models eventually give rise to liver cancer, including HCC and ICC, 

originating from HC-derived LPCs expressing bipotential progenitor cell markers. In another 

study, HCs were labeled with β-galactosidase through Alb-CreERT2, while in a separate 

cohort of mice cholangiocytes were labeled through Krt19-CreERT2. These mice were 

injected with TAA to induce ICC, and it was found that only in Alb-CreERT2 mice were the 

ICC cells positive for β-galactosidase, indicating HC origin (136). Another group labeled 

HCs via AAV8-Ttr-Cre injection into Rosa-eYFP mice and induced ICC via hydrodynamic 

tail vein injection of an NICD plasmid and a human AKT overexpression plasmid. ICC 

tumor cells were found to express eYFP in this model, indicating they originated from HCs 

(137). However, the contribution of HCs to ICC appears to be context dependent. A study 

utilized Alb-CreERT2 mice to express oncogenic KrasG12D with simultaneous homozygous 

deletion of Pten to induce carcinogenesis. Administration of tamoxifen at postnatal day 10 

resulted in Cre expression in BECs and HCs and led to the development of ICC. However, 

tamoxifen administration at 8 weeks of age activated Cre expression only in HCs and led to 

the development of HCC. Finally, tamoxifen administration to Krt19-
CreERT2;LSL:KrasG12D/+;Ptenflox/flox mice led to the development of ICC, leading the 

authors to conclude that the expression of oncogenic KrasG12D combined with Pten loss only 

in BECs, not HCs, led to the development of ICC (138). Similar results were seen during 

Alb-Cre-driven expression of Notch-2 intracellular domain in both HCs and BECs, which 

led to the development of HCC. When tumorigenesis was enhanced by DEN, a subset of 

mice also developed ICCs, which were determined to be of BEC origin (139). In contrast, a 

different group found that in the TAA model of ICC, Kupffer cells express Jagged 1 to 

activate Notch signaling in HCs, inducing their transdifferentiation into BECs (140). 

Together, these results indicate that ICC can result from multiple cell types, and under 

certain conditions HCs may transdifferentiate to BECs to give rise to ICC (Figure 5).

BILIARY EPITHELIAL CELL–DERIVED LIVER PROGENITOR CELL–

MEDIATED REGENERATION IN THE ZEBRAFISH MODEL SYSTEM

In 2014, prior to LPC-to-HC conversion being verified in the mouse system through positive 

lineage tracing (91), three groups reported robust conversion of BEC-derived LPCs into 

functional HCs in zebrafish by pharmacogenetic pan-HC ablation (141–143). Using a model 

of acute zebrafish injury employing transgenic lines expressing bacterial nitroreductase 

fused with a fluorescent protein under the HC-specific fabp10a promoter, treatment with 

metronidazole allowed for selective ablation of more than 98% of nitroreductase-positive 

HCs. Remnant Notch-positive BECs were shown to proliferate and to express HC-specific 

genes, such as fabp10a and hnf4a. Subsequently, this population lost expression of BEC-

specific genes to express more mature HC markers, indicating the conversion of BECs to 

mature HCs (Figure 6b). The transition of BECs into HCs was verified by lineage tracing 

(144). Interestingly, during HC ablation, the intrahepatic tubular biliary structure completely 

collapsed and was subsequently reestablished during the regeneration process (141, 145). 

Therefore, this zebrafish model is amenable as an in vivo system for studying bipotent LPC 

differentiation into BECs as well as into HCs (Figure 6b). Because following HC ablation 

more than 95% of HCs are derived from LPCs during repopulation, the larval zebrafish 

model provides a homogeneous, large-scale, fate-changing in vivo system to examine the 
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molecular mechanisms of LPC generation (i.e., DR) and differentiation using 

pharmacogenetic approaches, and thus has distinct advantages over rodent models.

Making use of this model, several studies have described the identification of small 

molecules regulating LPC-to-HC conversion during regeneration. He et al. (142) reported 

that pretreatment with a γ-secretase inhibitor combined with homozygous sox9b mutation 

impairs BEC-derived HC formation, suggesting that activation of the Notch/Sox9b axis is 

required for this transition. These data are consistent with impaired DR after Notch 

inhibition in rodent fibrosis models since treatment with a Notch inhibitor occurred before 

ablation, which may affect biliary homeostasis and injury-mediated biliary proliferation, as 

shown in rodents (146–148). However, given that Notch or Sox9 inhibition promotes LPC-

to-HC differentiation in vitro (149), it needs to be further clarified whether Notch/Sox9 is 

indispensable for the dedifferentiation (i.e., proliferation) of BECs into LPCs or if Notch 

activity is actually required for LPC-to-HC differentiation in vivo. It has additionally been 

reported that BMP signaling is required for maturation of BEC-derived HCs and transient 

proliferation of BECs to reconstitute the biliary network during regeneration (150) (Figure 

6b). More recently, by using targeted chemical screening in zebrafish, Hdac1 was identified 

as a crucial regulator of the differentiation of LPCs into HCs and BECs through the 

repression of, respectively, Sox9b and the Cdk8/Fbxw7/Notch3 signaling axis (Figure 6b). 

In addition, this novel zebrafish finding was further confirmed in a mouse system as well as 

in samples of diseased human liver, demonstrating the potential of zebrafish models of LPC-

driven liver regeneration to be relevant systems for studying human LPC pathophysiology in 

diseased liver (145).

However, there are caveats to using a zebrafish system of LPC-driven liver regeneration as a 

preclinical model for end-stage human liver disease with DR. First, anatomically, in the 

zebrafish liver all HCs are directly adjacent to vascular sinusoids through the apical 

membrane, and there is no hepatic zonation (151–153) (Figure 6a). In contrast, the 

mammalian liver is composed of three zones based on the location within the porto-central 

axis in each hepatic lobule, with zone 1 consisting of HCs around the portal triad, zone 3 

consisting of HCs around the central vein, and zone 2 consisting of the HCs between zones 1 

and 3 (154) (Figure 1a). Such compartmentalization not only allows for the functional 

partition of labor but also restricts particular toxicant-mediated injuries to specific zones, 

allowing surviving cells in other zones to repair the liver (154). Moreover, to maintain 

systemic metabolic homeostasis, mammalian hepatic zonation and the heterogeneity of HC 

gene expression are tightly regulated by various physiological factors and signaling 

pathways, such as the Wnt/β-catenin pathway, which is considered one of the master 

regulators of hepatic zonation (92, 155, 156). The lack of hepatic zonation in the zebrafish 

liver means that findings relevant to understanding zebrafish liver regeneration may not be 

able to be extrapolated to higher vertebrates. Second, the zebrafish embryonic liver is still 

developing during the analysis used in the HC ablation model. Although zebrafish liver is 

functional at 3.5 days post-fertilization when metronidazole is administered for HC ablation, 

HCs and BECs in a non-injured liver are highly proliferative, and the overall liver size is still 

growing at this time (157). This aspect of developing and regenerating zebrafish liver needs 

to be carefully considered when translating the results to adult mammalian liver 

regeneration. Third, thymus development is completed at approximately 3 weeks post-

Ko et al. Page 14

Annu Rev Pathol. Author manuscript; available in PMC 2021 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fertilization in zebrafish, and, therefore, prior to this point, zebrafish lack a competent 

adaptive immune system (158, 159). Thus, the adaptive immune response is not fully mature 

and functional in the zebrafish HC ablation model. Given the critical importance of the Th1-

mediated adaptive immune response in the mammalian DR and cell fate conversion during 

the regeneration of various organs (84, 85, 160), this larval model needs to be carefully 

extrapolated when interpreting LPC-driven regeneration that is especially relevant to 

immune cells. The contribution of LPCs to the zebrafish model is minimal compared with 

repopulation by preexisting BECs and HCs during mammalian liver injury and regeneration. 

Furthermore, the mammalian liver contains distinct regenerating microenvironments, 

including dissimilar cell populations to those of the zebrafish model (161, 162). Altogether, 

the established zebrafish model of LPC-driven liver regeneration may provide a powerful 

platform and synergizes well with mammalian regenerative models to examine the 

fundamental pathophysiological mechanisms of LPCs in diseased liver.

CONCLUSIONS AND FUTURE DIRECTIONS

The literature indicates the existence of remarkable cellular plasticity within the epithelial 

cells of the liver during hepatic injury, such that under specific circumstances the HCs and 

BECs can change their cellular fate to mediate liver regeneration (Table 1). Whether this cell 

type conversion is direct transdifferentiation or goes through a progenitor cell intermediate 

remains to be definitively elucidated. It also remains to be proven whether there are only 

small subsets of HCs and BECs primed to undergo cell fate changes, and thus these subsets 

represent facultative stem cells or a progenitor cell compartment. Based on their diverse 

origins and their dynamic cellular fate in diseased liver, LPC-specific markers (or a marker 

that is absent in mature BECs and HCs but is expressed in a cell undergoing a cell fate 

conversion) are not currently available. Therefore, it is not feasible to distinguish between 

LPC activation and BEC proliferation or hyperplasia initiated to repair damage to biliary 

structures. Although several markers have been suggested as LPC markers, such as Foxl1 

(88), Lgr5 (163), Trop2 (51), and Ncam (164), none of these are universally sensitive or 

specific for detecting all LPC populations regardless of etiology. There is no doubt that the 

identification of LPC-specific markers would greatly advance this field; however, we also 

need to acknowledge that such concrete and common LPC markers may not exist.

It also remains to be seen whether targeting LPCs for differentiation into HCs represents a 

viable therapeutic strategy for chronic liver disease. Only a subset of patients with chronic 

liver disease will progress to end-stage liver disease and liver cancer, and the role or function 

of LPCs in these processes remains less understood. Most studies have focused on proving 

the phenomenon of cell fate conversion and sought to identify the molecular mechanisms 

underlying this process. While these experiments are essential for developing druggable 

targets, few studies have examined the long-term consequences of promoting LPC 

differentiation. Since the DR is known to promote fibrogenesis and inflammation, will 

targeting the DR to induce LPC differentiation into HCs be sufficient to restore the hepatic 

microenvironment? The technology for targeting BECs in the DR is limited and, hence, a 

major roadblock in developing new therapeutics. Many studies involved in promoting LPC 

differentiation into HCs have removed the underlying liver injury to allow recovery and 

enhance LPC differentiation. While new therapies for several hepatic diseases are being 
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discovered and may eventually remove the stimulus for the DR, facilitating LPC 

differentiation into a useful cell type may be yet another viable alternative.

In the context of liver cancer, the question of whether HCs dedifferentiate into LPCs that 

subsequently give rise to tumors is an area of debate. It remains unclear whether HCs first 

dedifferentiate into LPCs that subsequently differentiate into BECs or whether they undergo 

a gradual reprogramming to complete transdifferentiation, since both theories are congruent 

with the presence of cells expressing both HC and BEC markers. This question is muddled 

by the very nature of many genetic models of liver cancer, which specifically rely on direct 

injury or genetic manipulation of HCs or BECs. More studies are necessary to determine the 

cell of origin in models of liver cancer that induce tumorigenesis without direct genetic 

manipulation of a specific cell type in the liver. There is also the question of whether 

promoting LPC-to-HC differentiation as a treatment for chronic liver disease will impact 

LPC-mediated tumorigenesis.

In conclusion, the liver is a remarkable organ with a diverse array of regenerative responses 

to hepatic injury. It can exhibit activation of LPCs and mutual transdifferentiation of BECs 

and HCs to serve as facultative stem cells to ensure liver regeneration, but these changes can 

be associated with alterations in the hepatic microenvironment. Advances in the field of 

hepatic cellular plasticity may hold great promise for developing therapies for patients with 

chronic liver disease.
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Figure 1. 
Architecture of normal and diseased liver. (a) The structure of a liver lobule consists of three 

zones. Zone 1 consists of the portal vein, bile ducts, and hepatic artery, which together form 

the portal triad. Oxygenated blood from the hepatic artery mixes with blood from the portal 

vein and flows through the hepatic sinusoids toward the central vein, which constitutes zone 

3. The interface between the end of a bile canaliculus and the start of a bile duct is known as 

the canal of Hering. Cords of hepatocytes (HCs) form the bile canaliculi, which transport 

HC-derived bile to the bile ducts in the opposite direction of blood flow. The HCs found 

between zones 1 and 3 constitute zone 2, and these are also known as midzonal HCs. (b) 

Normal human liver stained with a pan-cytokeratin (panCK) antibody. The arrows denote 

bile ducts, structures with obvious lumina lined by panCK-positive cells. (c) Liver from a 
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patient with acute liver failure stained with a panCK antibody. A ductular reaction (DR) is 

evidenced by a large increase in the number of panCK-positive cells (arrows). Intermediate 

HCs, or cells that are panCK-positive but exhibit HC morphology (arrowhead), can be 

observed adjacent to the cells of the DR. (d) Liver from a patient with nonalcoholic 

steatohepatitis (NASH)– induced cirrhosis stained with a panCK antibody. A DR is evident 

in the increase in the number of panCK-positive cells, which form bile duct–like structures 

without obvious lumina (arrows). (e) Liver from a patient with primary sclerosing 

cholangitis stained with a panCK antibody. A DR is evident by the increase in the number of 

panCK-positive cells (arrows), which have a distinctly different morphology from normal 

bile ducts.
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Figure 2. 
The liver progenitor cell theory. (a) During fetal liver development, hepatoblasts give rise to 

the two primary epithelial cell types of the mature liver: hepatocytes and biliary epithelial 

cells. Studies have identified potential markers of hepatoblasts with characteristics of 

pluripotent stem cells (shown in the figure). (b) It is theorized that quiescent liver progenitor 

cells (LPCs), potentially residing in the canals of Hering, are activated in the context of 

severe acute injury or chronic liver injury. These LPCs proliferate and are capable of giving 

rise to both hepatocytes and cholangiocytes, thus contributing to liver repair.
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Figure 3. 
Images depict (a) normal mouse liver, and liver from a mouse (b) 1 day after two-thirds 

partial hepatectomy, (c) after 2 weeks of a choline-deficient, ethionine-supplemented (CDE) 

diet, (d) after 5 weeks of a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet, and (e) 1 

week after bile duct ligation. Liver tissues were stained with pan-cytokeratin (panCK) (top 
row) or Sox9 antibody (bottom row). Arrows denote bile ducts with luminal structures, lined 

by panCK- or Sox9-positive cells, while arrowheads denote Sox9-positive hepatocytes. (c–e) 

Ductular reactions are evinced by a large increase in the number of panCK- or Sox9-positive 

cells (white arrowheads). Dilation of luminal structures is observed after (d) the DDC diet, 

and (e) preexisting bile ducts are thickened, with increased numbers of panCK-positive cells, 

after bile duct ligation. A few Sox9-positive hepatocytes are observed adjacent to the portal 

vein in (a) normal liver, while this population is (d) modestly increased after administration 

of the DDC diet, and it is (e) hugely increased throughout the whole liver following bile duct 

ligation.
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Figure 4. 
The transdifferentiation theory. (a) During acute severe or chronic liver injury in which 

hepatocyte (HC) function is significantly impaired, biliary epithelial cells (BECs) can 

directly transdifferentiate into HCs to mediate liver repair. During this process, BECs 

express HC markers such as Hnf4α. (b) The liver from a mouse fed a choline-deficient, 

ethionine-supplemented diet for 2 weeks, followed by 3 days of recovery on a normal diet, 

stained for DAPI (blue), cytokeratin (CK) 19 (green) and Hnf4α (red). A transdifferentiating 

cell that expressed both CK19 and Hnf4α is evident (white arrow). (c) Following bile duct 

paucity or severe injury to BECs, HCs can transdifferentiate into BECs, and during this 

process, HCs will express BEC markers, such as Sox9. Signaling pathways, including 

transforming growth factor-β (Tgfβ), yes-associated protein (YAP), Notch, and Wnt/β-

catenin, have been identified as playing roles in promoting this process. (d) Liver from a 
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mouse stained for Sox9 2 days after bile duct ligation reveals HCs that express Sox9 

(arrows) in comparison to the presence of Sox9 in the BECs lining the bile ducts 

(arrowheads).
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Figure 5. 
Liver progenitor cells (LPCs) in liver cancer. Generally, the two major forms of adult liver 

cancer are thought to arise from their corresponding epithelial cell counterparts, often in the 

setting of chronic injury and inflammation: hepatocellular carcinoma from hepatocytes and 

cholangiocarcinoma from biliary epithelial cells. At the same time, the question remains 

whether LPCs serve as another source of both hepatocellular carcinoma and 

cholangiocarcinoma due to their stem cell–like properties and their long-term activation in 

the setting of liver injury. In addition, studies have identified potential cancer stem cells in 

liver cancer, which may or may not be related in origin to LPCs.
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Figure 6. 
Schematic of zebrafish liver anatomy and liver progenitor cell (LPC)–driven liver 

regeneration. (a) Schematic of zebrafish liver architecture. Unlike the hepatic zonation found 

in the mammalian liver, portal veins (PVs), central veins (CVs), and hepatic arteries (HAs) 

are randomly distributed in the zebrafish liver. Hepatocytes (HCs) are arranged in tubules 

around bile ducts interspersed with hepatic stellate cells (HSCs) and surrounded by 

fenestrated sinusoidal endothelium (SN). (b) During near-total HC ablation, bile canaliculi 

(CL) and biliary networks completely collapse, and remnant biliary epithelial cells (BECs) 

are packed without a central lumen. Subsequently, BECs rapidly dedifferentiate into LPCs, 

which coexpress Notch signaling targets, Alcam, Fabp10a, and Hnf4α. This is followed by 

redifferentiation of LPCs into functional HCs and BECs. Using this model, signaling 

pathways, including BET/Myca, Hdac1/Sox9, BMP, and Wnt/β-catenin have been identified 

as regulators of LPC-mediated liver regeneration.
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