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Abstract 

Investigating the Mechanisms of Hepatocyte or Biliary Epithelial Cell-Mediated Liver 
Regeneration  

 
Jacquelyn Olivia Russell, PhD 

 
University of Pittsburgh, 2019 

 
 

The liver performs a wide array of functions such that it is indispensable for survival. 

Uniquely, the liver is the only human internal organ capable of regeneration. Failure of liver 

regeneration is thought to induce progression of chronic liver disease (CLD) to cirrhosis and end-

stage liver disease, which is currently the 12th leading cause of death in the U.S. The only current 

treatment for end-stage liver disease is a liver transplant, for which there is a major dearth of donor 

organs. Therefore, understanding the molecular mechanisms underlying liver regeneration could 

lead to the development of desperately needed new therapies for liver disease. There are two main 

epithelial cell types in the liver: hepatocytes and biliary epithelial cells (BECs). Typically, liver 

regeneration after an acute injury is mediated by proliferation of hepatocytes. This is the case after 

partial hepatectomy (PHx), where 2/3 of the liver is surgically removed. We identified a role for 

bromodomain and extraterminal (BET) proteins in driving hepatocyte proliferation after PHx. BET 

proteins are a family of chromatin readers that interact with the basic transcriptional machinery to 

promote expression of virtually all genes. One pathway that we found to be especially sensitive to 

BET protein inhibition post-PHx was the Wnt/β-catenin signaling pathway, which is an important 

pathway in both liver development and multiple models of liver regeneration. One of these models 

involves liver regeneration when hepatocyte proliferation is impaired, a model in which BECs are 

theorized to differentiate into hepatocytes to mediate liver regeneration. We demonstrated that 

mice which lack liver-specific Wnt/β-catenin signaling (KO mice) exposed to choline-deficient, 

ethionine-supplemented (CDE) diet-induced liver injury have impaired hepatocyte proliferation. 



 v 

Furthermore, we utilized genetic lineage tracing of both hepatocytes and BECs to prove that BECs 

differentiate into hepatocytes in KO mice but not their wild-type counterparts following CDE diet-

induced liver injury and recovery. Overall, our work has elucidated important signaling pathways 

driving liver regeneration in multiple models of liver injury and sets the stage for future work to 

identify clinically-relevant treatments which can enhance hepatic repair. 
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1.0 Introduction 

As an organ that performs a multitude of functions critical to homeostasis, liver health is 

pertinent and indispensable to survival. Thus, the cellular and molecular machinery driving the 

hepatic functions is of utmost relevance to human health. Hepatic epithelial cells are composed of 

hepatocytes, which are the functional units of the liver and perform synthetic, metabolic, 

detoxification and secretory functions; and biliary epithelial cells (BECs), which line bile ducts 

and regulate bile composition and secretion. After injury, both hepatocytes and BECs are capable 

of proliferation to mediate liver regeneration. Many signaling pathways are known to regulate 

these proliferative responses, and in this dissertation we will demonstrate a key role for 

bromodomain and extraterminal (BET) proteins as well as Wnt/β-catenin signaling in hepatocyte-

driven liver regeneration. We will also discuss secondary mechanisms of liver regeneration that 

are activated when hepatocyte proliferation fails, namely BEC-to-hepatocyte transdifferentiation. 

Thus, this dissertation identifies mechanisms of diverse forms of liver regeneration, which may 

eventually be utilized to develop therapies for CLD patients. Some of the information in this 

background was published as a review article in Annual Review of Pathology: Mechanisms of 

Disease, PMID 29125798 (1). A second first-author review article was submitted to Annual 

Review of Pathology: Mechanisms of Disease and is currently under review. As first author, the 

publisher Annual Reviews has granted full permission to reuse the manuscripts in this dissertation. 
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1.1 Bromodomain and Extraterminal Protein Signaling 

The bromodomain and extraterminal (BET) protein family is a family of chromatin readers 

which play major roles in regulating gene transcription. The family consists of four members: 

Brd2, Brd3, Brd4, and Brdt.  The hallmark of the BET protein family are the N-terminal 

bromodomains, which recognize acetylated lysine residues on the tails of histones and allow BET 

proteins to interact directly with chromatin (2). BET proteins function to regulate gene 

transcription by interacting with Mediator, the multi-protein complex which facilitates RNA 

polymerase II-mediated gene transcription (3). A well-studied BET protein is Brd4, which is a 

well-known component of the Mediator complex and is thought to act as an interface between 

transcription factors (TFs) and the RNA polymerase II activation (4, 5). Due to its chromatin 

interaction modules, Brd4 recruits Mediator to the promoter of the target gene (3) (Fig. 1A). Brd4 

also directly interacts with P-TEFb, a heterodimer of cyclin-dependent kinase 9 (6). When RNA 

polymerase II is recruited to a transcription start site, after initiation it becomes arrested within 

approximately 60 nucleotides. This is in part due to the inhibitory function of proteins DSIF and 

NELF, which keep RNA polymerase II in a reversible paused state (7). P-TEFb binds to Brd4 and 

then can phosphorylate and deactivate DSIF and NELF, leading to productive transcript elongation 

(6) (Fig. 1B). Thus, BET proteins such as Brd4 are important for both recruitment of the basic 

transcriptional machinery but also rapid transcriptional induction. In fact, Brd4 has been found to 

be associated with nearly all active promoters and a large portion of enhancers in the genomes of 

multiple cell types (3, 8-10). 

  Several inhibitors have been developed to block the interaction of BET proteins with 

chromatin. One of these is JQ1, which has a high affinity for the bromodomains of the BET protein 

family, resulting in displacement of the BET proteins from chromatin and impairing downstream  
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Figure 1: BET protein signaling 

(a) BET protein Brd4 binds to the acetylated lysine resides (Ac) of histone proteins and recruits 
both Mediator and P-TEFb to the promoter. RNA polymerase II is arrested within a short distance 
of the transcription start site (TSS). P-TEFb phosphorylates and deactivates the regulatory proteins 
NELF and DSIF. (b) The inactivation of NELF and DSIF releases RNA Polymerase II, allowing 
rapid transcript elongation. 
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transcription (3). This drug was identified as a potential treatment for cancer, as it was found to 

extend the survival of mice with patient-derived midline carcinoma xenografts as a dose which 

had little toxicity on non-cancerous tissue (11). It was subsequently found that BET inhibitors had 

a therapeutic effect in other cancers including multiple myeloma, lymphoma, and acute myeloid 

leukemia, and this effect was found to be mediated by suppression of proto-oncogenes such as 

MYC and BCL2 (12-14). It was further described that these genes which were particularly sensitive 

to BET inhibition had particularly high Brd4 occupancy in their nearby enhancers (3, 12). These 

enhancers have been termed “super-enhancers”, which can extend for tens of kilobases with high 

Brd4 occupancy throughout (3, 8). In addition to the role of BET proteins in cancer cell survival, 

there have been some reports on the role of BET proteins in liver pathophysiology. Expression of 

a shRNA against BRD4 in a hepatocellular carcinoma cell line resulted in reduced proliferation, 

migration, and invasion (15). Another group found that co-treatment of JQ1 in mice with carbon 

tetrachloride-induced liver fibrosis reduced hepatic stellate cell activation and overall fibrosis 

levels (16). We have previously reported that treatment of JQ1 impairs BEC-driven liver 

regeneration in both zebrafish and mouse models (17). In this dissertation we will further describe 

the role of BET proteins in hepatocyte-driven liver regeneration. 
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1.2 The Wnt/β-catenin Signaling Pathway 

1.2.1  Canonical Wnt/β-catenin Signaling 

 

Figure 2: Canonical Wnt/β-catenin Signaling 

(a) In the absence of Wnt binding to its receptor and co-receptor, β-catenin is phosphorylated by 
its destruction complex and targeted for proteasomal degradation by β-TRCP. The Frizzled 
receptor is targeted for proteasomal degradation via the activity of ZNRF3/RNF43. (b) Upon 
release of biologically-active Wnt from a neighboring cell by cargo receptor Wntless, the Wnt 
protein bind its receptor and co-receptor, which triggers recruitment of the β-catenin destruction 
complex to the plasma membrane through scaffolding protein Dishevelled. This interaction is 
further stabilized by R-spondin binding to an LGR receptor. β-catenin cannot be phosphorylated, 
accumulates in the cytoplasm, and translocates to the nucleus to bind the TCF/LEF family of 
transcription factor to induce target gene transcription. 

 
 

When canonical Wnt/β-catenin signaling is inactive, the levels of the major transducer of 

Wnt signaling, β-catenin, are kept low via its degradation by the destruction complex (Fig. 2A). 

This complex consists of the proteins Axin, adenomatous polyposis coli (APC), glycogen synthase 

kinase 3β (GSK3β), and casein kinase 1α (CK1α) (18, 19). The scaffold protein Axin brings 

together the components of the destruction complex, mediating the phosphorylation of β-catenin 

first by CK1α at serine 45 and subsequently phosphorylation of serines 33 and 37 and threonine 
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41 by GSK3β (20, 21). Phosphorylated β-catenin is recognized by β-transducin repeat-containing 

protein (βTRCP), a component of the E3 ubiquitin ligase complex, which triggers the 

ubiquitination and subsequent proteasomal degradation of β-catenin (22, 23).  

Activation of the Wnt/β-catenin signaling pathway is mediated through Wnt ligands, a 

family of secreted glycoproteins (Fig. 2B). In order to be bioactive, Wnt ligands must be 

glycosylated and palmitoylated by the enzyme porcupine (24). This modification occurs in the 

endoplasmic reticulum, and palmitoylation, the hydrophobic lipid modification, renders Wnts 

relatively insoluble (25). Secretion of hydrophobic Wnts from the cell requires the cargo receptor 

Wntless, a multi-pass transmembrane protein which mediates protein trafficking between the 

Golgi apparatus and cell membrane (26, 27). Once secreted, the Wnt ligand binds to a Frizzled 

receptor and the co-receptor low-density lipoprotein receptor-related protein (LRP) 5 or 6 to 

mediate activation of the Wnt/β-catenin signaling pathway (28-31). Wnt binding to Frizzled and 

LRP5/6 triggers recruitment of the scaffolding protein Dishevelled (Dvl), phosphorylation of 

LRP5/6, and phosphorylated LRP5/6-mediated recruitment of Axin to the plasma membrane (32, 

33). Interestingly, the family of R-spondin secreted proteins enhance Wnt signaling through 

binding to the leucine-rich repeat-containing G-protein coupled receptor-4 (LGR4) and LGR5 

receptors, which in turn increase Wnt-dependent phosphorylation of LRP6 (34, 35). R-spondin 

ligands also enhance Wnt signaling through the clearance of transmembrane E3 ubiquitin ligases 

zinc and ring finger 3 (ZNRF3) and its homologue ring finger 43 (RNF43), which ubiquitinate 

Frizzled and LRP6 and target them for proteasomal degradation (36, 37) (Fig. 2A-B). The 

recruitment of Axin to the plasma membrane leads to disruption of the destruction complex, 

promoting stabilization and cytoplasmic accumulation of β-catenin. Non-phosphorylated β-catenin 



 7 

is translocated to the nucleus where it forms a complex with T cell factor/lymphoid enhancer factor 

(TCF/LEF) transcription factors to mediate expression of target genes (38). 

1.2.2  Non-canonical Wnt Signaling 

 

Figure 3: Non-canonical Wnt Signaling 

(a) In the Planar Cell Polarity (PCP) pathway (left), Wnt ligands bind to a complex consisting of 
certain Frizzled receptors, Ror2, and Dishevelled, which triggers activation of RhoA and ROCK, 
or alternatively activation of Rac and JNK signaling, to regulate cell polarity and migration. In the 
Wnt/calcium pathway (right), Wnt ligands bind to a complex consisting of Frizzled receptors, 
Dishevelled, and G proteins, leading to the activation of PLC, generation of DAG and IP3. DAG 
activates PKC while IP3 promotes increased intracellular calcium levels, leading to activation of 
CaMKII and CaN, which in turn regulate cell migration and proliferation. (b) In the Wnt/TOR 
pathway (left), in the absence of Wnt ligands GSK3β phosphorylates and activates TSC2, which 
in turn inhibits mTORC1 activity. Binding of the Wnt protein to its receptor and co-receptor leads 
to sequestration of the destruction complex, including GSK3β, into multivesicular bodies. This 
prevents activation of TSC2, leading to activation of mTORC1 and promotion of protein 
translation. In the Wnt/STOP pathway (right), the activity of GSK3β promotes phosphorylation 
and proteasomal degradation of a multitude of target proteins. Upon Wnt ligand binding and 
sequestration of GSK3β into multivesicular bodies, these GSK3β-target proteins are no longer 
targeted for degradation and accumulate in the cytoplasm. 
 
 

There are 19 Wnts and 10 Frizzled receptors in the mammalian genome (39), and not all 

of them utilize the same downstream signaling components. Certain Wnt ligands can signal 
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independently of β-catenin, and this form of signaling is referred to as non-canonical Wnt 

signaling. Two classic non-canonical Wnt signaling pathways have been described: the 

Wnt/calcium pathway and the planar cell polarity (PCP) pathway (Fig. 3A).  

In the Wnt/calcium pathway, non-canonical Wnt ligands such as Wnt5a bind to Frizzled 

receptors (Frizzled-2 or Frizzled-7) or with receptor tyrosine kinase-like orphan receptor 2 (Ror2) 

(40) (Fig. 3A). After Wnt binding, a complex forms between Frizzled, Dishevelled and G proteins, 

promoting the activation of Phospho Lipase C (PLC), which cleaves phosphatidylinositol 4,5 

biphosphate (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). DAG in turn 

activates Protein Kinase C (PKC) and IP3 promotes increased intracellular calcium levels. This 

increase in calcium activates calcium-calmodulin dependent kinase II (CaMKII) and calcineurin 

(CaN), which in turn regulate cell migration and proliferation (41, 42).  

In the PCP pathway, Wnt ligands bind to the Ror2/Frizzled/Dishevelled complex and 

trigger the activation of Rho-family small GTPases including RhoA and Rac (Fig. 3A). These 

subsequently activate Rho-associated protein kinase (ROCK) and c-Jun N-terminal kinase (JNK), 

which regulate cell polarity and migration (41-43). To add further complexity to Wnt signaling 

pathways, non-canonical Wnt5a can inhibit canonical Wnt/β-catenin signaling by promoting the 

degradation of β-catenin (44).  

More recently, other β-catenin-independent Wnt signaling pathways have been described 

(Fig. 3B). One of these is the Wnt-dependent stabilization of proteins, known as the Wnt/STOP 

pathway (45). The central mediator of this pathway is GSK3β, which was found to phosphorylate 

many additional proteins besides β-catenin and target them for proteasomal degradation (46-49). 

Wnt binding to its co-receptors can trigger the sequestration of GSK3β in multivesicular bodies, 

allowing the cytoplasmic accumulation of GSK3β-target proteins (50-52) (Fig. 3B). It was recently 
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described that Wnt/STOP signaling during mitosis slows protein degradation, stabilizes cell cycle 

effectors such as c-MYC, and promotes increase in cell size as cells prepare to divide (45). 

Wnt/STOP signaling is thought to play a role in many cellular processes including cell division, 

regulation of the cytoskeleton, and DNA remodeling (53).  

Another Wnt signaling pathway independent of β-catenin is Wnt-dependent regulation of 

mechanistic target of rapamycin (mTOR) signaling (Wnt/TOR signaling) (Fig. 3B). In this 

pathway GSK3β phosphorylates and activates tuberous sclerosis complex 2 (TSC2), which in turns 

inhibits the function of mTOR complex 1 (mTORC1). The presence of Wnt ligands prevents 

GSK3β-mediated phosphorylation of TSC2, leading to the activation of the mTORC1 signaling 

pathway and stimulation of protein translation (54). These studies collectively demonstrate that 

Wnt ligands are pleiotropic signaling molecules.  

1.2.3  β-catenin at Adherens Junctions 

In addition to its role in Wnt signaling, β-catenin plays a role in cell-cell adhesion as a 

component of adherens junctions. Adherens junctions are subapical junctions which promote 

homotypic cell-cell adhesion in epithelial tissues (55). A class of transmembrane proteins called 

cadherins perform the extracellular interactions during cell-cell adhesion, and E-cadherin is the 

prototypical cadherin of adherens junctions. The extracellular domain of E-cadherin forms 

calcium-dependent complexes with E-cadherin molecules of neighboring cells to mediate 

homotypic cell-cell adhesion. β-catenin functions in adherens junctions by linking E-cadherin to 

the actin cytoskeleton through binding to α-catenin, which in turn binds directly to actin and to 

actin-binding proteins such as vinculin (56). In addition, β-catenin facilitates the assembly of 

adherens junctions. β-catenin was shown to bind to newly synthesized E-cadherin (57) and 
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promote delivery of E-cadherin from the endoplasmic reticulum to the basal-lateral plasma 

membrane (58). Later, it was shown that binding of β-catenin to E-cadherin blocks a peptide 

sequence which, if exposed, would target E-cadherin for proteasomal degradation (59). However, 

β-catenin is not permanently incorporated into adherens junctions. Tyrosine phosphorylation of β-

catenin at residues Y142, Y654, and Y670 by the activity of hepatocyte growth factor (HGF)/c-

met, Y489 by Abl, and Y654 by the epidermal growth factor receptor (EGFR) and Src may induce 

dissociation of β-catenin from adherens junctions and may activate β-catenin signaling (60-62). β-

catenin may also play a role in the development of tight junctions, which serve to prevent bile from 

the bile canaliculi from mixing with blood in hepatic sinusoids (63). Catenins may participate in 

the trafficking of tight junctional protein zonula occludens-1 (ZO-1) from the cytosol to the plasma 

membrane early in tight junction development (64). Additionally, tight junctional protein claudin-

2 is a transcriptional target of β-catenin (65), and depletion of claudin-2 in a polarized hepatic cell 

line resulted in defects in bile canalicular formation (66).  

1.2.4  Wnt/β-catenin Signaling in Liver Homeostasis 

As hepatocytes are the main parenchymal cell type of the liver, consisting of approximately 

80% of liver mass (67), a great deal is known about the role of Wnt/β-catenin signaling in 

hepatocytes during both homeostasis and liver regeneration. In a baseline liver, hepatocytes 

display molecular heterogeneity depending on their location within the hepatic lobule (68). A liver 

lobule is divided into three zones; hepatocytes near a portal triad (which consists of the portal vein, 

bile ducts, and hepatic artery) are labeled zone 1, hepatocytes surrounding central veins constitute 

zone 3, and hepatocytes in between constitute zone 2 (69). The process of hepatic zonation begins 

in the first few weeks after birth (70). This process serves to compartmentalize opposing metabolic 
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processes, as periportal hepatocytes perform gluconeogenesis, cholesterol biosynthesis, and urea 

metabolism, while pericentral hepatocytes perform glycolysis, bile acid biosynthesis, and 

glutamine synthesis (71). Wnt/β-catenin signaling has proven to be a master regulator of liver 

zonation. Pericentral hepatocytes show active Wnt/β-catenin signaling as demonstrated by 

pericentral-specific expression of Wnt/β-catenin targets Axin2 (72), glutamine synthetase (GS), 

and cytochrome P450 enzymes CYP2E1 and CYP1A2 (73, 74). Importantly, mice with liver-

specific deletion of both LRP5 and LRP6 (68), as well as mice with hepatocyte-specific deletion 

of LGR4 and LGR5 (75), lack liver zonation and fail to express the pericentral metabolic genes. 

Mice with inducible loss of β-catenin in hepatocytes display a periportal phenotype throughout the 

whole liver (76). In contrast, overactivation of β-catenin specifically in hepatocytes due to 

conditional APC deletion led to a pericentral phenotype throughout the entire hepatic lobule (77). 

These results are explained by the finding that HNF4α and β-catenin compete for binding to TCF; 

HNF4α/TCF dictates periportal gene expression while β-catenin/TCF dictates pericentral gene 

expression (76). This hypothesis is supported by the finding that HNF4α-deficient livers show a 

pericentral phenotype (78). Hepatocyte differentiation is also key for metabolic zonation. In mice 

with liver-specific Yes-associated protein (YAP) deletion, there was an expansion of GS-positive 

cells in the pericentral domain. Alternatively, mice with liver-specific deletion of macrophage 

stimulating 1 (Mst1)/Mst2, the kinases responsible for phosphorylation and inactivation of YAP, 

led to disruption of metabolic zonation, with loss of expression of pericentral genes such as GS. 

YAP overexpression led to dedifferentiation of hepatocytes, with downregulation of HNF4α target 

genes and promotion of a stem cell-like phenotype (79). Yap was found to be normally expressed 

in the periportal domain, suggesting an opposing function to Wnt/β-catenin signaling.  
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1.2.5  Wnt/β-catenin Signaling in Liver Regeneration and Metabolic Diseases 

A notable feature of the liver is that normal cell turnover and liver regeneration following 

most models of acute liver injury is mediated by proliferation of existing differentiated hepatocytes 

(80). A well-studied model of liver regeneration is the two-thirds partial hepatectomy (PHx) 

model, where two-thirds of a rat or mouse liver are removed and within days the remaining lobes 

enlarge to replace lost liver mass via mostly cellular hyperplasia and some through cellular 

hypertrophy (81). Wnt/β-catenin signaling is an important driver of liver regeneration in this 

model; within minutes of PHx in the rat there is a transient 2.5-fold increase in β-catenin protein 

and rapid translocation to the nucleus (82). This increase in nuclear β-catenin helps to promote 

hepatocyte proliferation through the expression of target genes such as cell-cycle regulator cyclin 

D1, which shows increased expressed as early as six hours post-PHx (83) (Fig. 4). Mice with 

hepatocyte-specific loss of β-catenin display a delay in regeneration following PHx, as there was 

a two-fold reduction in proliferating hepatocytes at the 40 hour post-PHx time point, which is the 

peak of hepatocyte proliferation in the wild-type mice. However, there was a subsequent increase 

in hepatocyte proliferation three days post-PHx, indicating activation of a compensatory signaling 

pathway (74). Mice lacking both Wnt co-receptors LRP5 and LRP6 in hepatocytes show a similar 

delay in liver regeneration after PHx (68), as do mice lacking both LGR4 and LGR5 in hepatocytes 

(75). Interestingly, non-canonical Wnt signaling was shown to be involved in the conclusion of 

liver regeneration post-PHx. Wnt5a was found to inhibit canonical Wnt/β-catenin signaling in 

cultured primary hepatocytes, and mice with liver-specific deletion of Wntless displayed continued 

hepatocyte proliferation for up to 4 days longer than control littermates due to reduced expression 

of inhibitory Wnt5a between 24-48 hours post-PHx (84) (Fig. 4). This suggests an autocrine 
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Figure 4: Role of Wnt/β-catenin signaling in liver regeneration following surgical resection 

Following surgical resection of liver mass, Wnt/β-catenin signaling is activated to promote liver 
regeneration. Infiltrating inflammatory cells secrete TNFα and IL-6, which in turn promote Wnt 
secretion from macrophages. Additionally, liver sinusoidal endothelial cells secrete Wnt2 and 
HGF, which is also secreted by hepatic stellate cells. Neither biliary epithelial cells nor hepatocytes 
secrete mitogenic Wnts following surgical resection. The secreted Wnt ligands act on hepatocytes 
to promote β-catenin translocation to the nucleus, where it promotes expression of target genes 
such as cyclin D1 to promote hepatocyte proliferation. Following restoration of sufficient liver 
mass, hepatocytes secrete Wnt5a to inhibit canonical Wnt/β-catenin signaling and promote 
termination of liver regeneration. 
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mechanism of proliferation termination following acquisition of required hepatocyte mass during 

regeneration.  

A common cause of acute liver injury in patients is overdose of acetaminophen (APAP) 

leading to hepatotoxicity (85). In the liver, APAP is metabolized by the enzymes CYP2E1 and 

CYP1A2 into a reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI), which covalently 

binds to cellular macromolecules and induces hepatic necrosis (86). Both CYP2E1 and CYP1A2 

are β-catenin target genes, so mice with hepatocyte-specific β-catenin loss are resistant to APAP-

induced hepatotoxicity (73). However, β-catenin may also promote liver regeneration following 

APAP overdose, as liver-specific β-catenin knockout mice given APAP following induction of 

CYP1A2 and CYP2E1 showed significant defects in hepatocyte proliferation following APAP-

induced hepatic necrosis (87).  

A role for Wnt/β-catenin signaling has also been implicated in ischemia/reperfusion injury. 

Under conditions of hypoxia, hypoxia inducible factor-1α (HIF1α) directly competes with TCF4 

for binding to β-catenin, leading to enhancement of HIF1α-mediated transcription and the 

promotion of cell survival (88). Mice with β-catenin-deficient hepatocytes displayed reduced 

HIF1α signaling and were more susceptible to ischemia/reperfusion injury, while mice with 

hepatocyte-specific Wnt1-overexpression had enhanced HIF1α signaling and were protected (89).  

Deficient Wnt/β-catenin signaling may also exacerbate the development of hepatic 

steatosis. Loss-of-function point mutations in LRP6 have been identified in humans with early-

onset cardiovascular disease, hyperlipidemia, and metabolic syndrome traits (90). Mice with 

mutant LRP6 develop fatty liver due to increased AKT/mTOR signaling causing elevated 

hepatocyte lipogenesis, which can be normalized through exogenous Wnt3a treatment (91). 

Additionally, β-catenin has been found to regulate hepatic mitochondrial homeostasis, as mice 
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with β-catenin-deficient hepatocytes subjected to acute ethanol intoxication displayed reduced 

mitochondrial function in addition to impaired Sirtuin 1 (Sirt1)/peroxisome proliferator-activated 

receptor α (PPARα)-signaling, leading to increased steatosis and oxidative damage (92). The role 

of Wnt/β-catenin signaling in hepatic metabolism was further expanded by the discovery of the 

interaction of β-catenin and forkhead box protein O (FOXO) transcription factors. Under 

conditions of oxidative stress, β-catenin binds directly to FOXO and enhances transcription of 

FOXO target genes (93). It was also found that β-catenin modulated hepatic insulin signaling, and 

the association of β-catenin and FOXO1 was promoted in mice under starved conditions. 

Interestingly, β-catenin and FOXO1 promoted the expression of rate-limiting enzymes in hepatic 

gluconeogenesis, and the liver-specific deletion of β-catenin in mice fed a high-fat diet displayed 

increased glucose tolerance due to decreased gluconeogenesis (94). Collectively, these results 

demonstrate the importance of Wnt/β-catenin signaling in hepatic metabolism and could implicate 

a role of this pathway in the pathogenesis of conditions such as non-alcoholic fatty liver disease.  

Wnt/β-catenin may also play a role in bile acid secretion and homeostasis. Hepatocytes are 

responsible for the conversion of cholesterol into bile acids, which are secreted into bile canaliculi 

for eventual transport to the lumen of the small intestine for aid in the digestion of dietary lipids 

and cholesterol (95). Two of the key enzymes in bile acid biosynthesis, CYP7A1 and CYP27, are 

expressed in pericentral hepatocytes, suggesting they are regulated by Wnt/β-catenin signaling 

(96). Mice with liver-specific deletion of β-catenin fed a methionine-choline-deficient diet to 

induce liver injury displayed significant steatohepatitis, accumulation of hepatic cholesterol and 

bile acids, and elevated serum bilirubin, suggesting a defect in bile acid export (97). Furthermore, 

mice with liver-specific deletion of β-catenin displayed dilated and tortuous bile canaliculi and 

reduced bile flow rates, and feeding these mice a diet supplemented with cholic acid to induce bile 
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acid-mediated liver toxicity led to the development of intrahepatic cholestasis and fibrosis (65). 

These results suggest aberrant Wnt/β-catenin signaling may play a role in the development of 

cholestatic liver disease. 

1.3 The Ductular Reaction and BEC-to-Hepatocyte Differentiation 

Adult mammals possess very limited organ repair capabilities, unlike lower vertebrates 

including fish or amphibians (98, 99). During post-natal development, they lose most of their 

competence for regeneration, except for minimal levels of maintenance during tissue homeostasis 

(98, 100, 101). In general, mammalian organs produce non-functional connective tissues after 

injury instead of functional restoration of lost parenchyma (102, 103). While acute and chronic 

deposition of scar tissue is a protective response to reduce organ damage caused by additional 

insults, it results in a progressive loss of function that underlies a majority of chronic diseases, 

particularly in aging populations (99, 103). However, the mammalian liver is a unique organ which 

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 restoration of hepatic mass after surgical 

removal (104, 105). This extraordinary regenerative capacity is mainly based on the self-

replication ability of the two main epithelial cell types: hepatocytes and biliary epithelial cell 

(BECs, also known as cholangiocytes) (104, 105). These two cell populations exit quiescence and 

replicate to compensate for lost functional parenchyma in response to acute/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 
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from liver regeneration in the setting of chronic liver disease (CLD). Within a healthy liver, BECs 

are usually confined to the interlobular bile ducts which form the biliary tree, a complex network 

of tubules which function to collect hepatocyte-derived bile and eventually transport it to the 

common bile duct, which drains into the duodenum (106). Hepatocytes secrete bile into the bile 

canaliculi, which connect with the smallest proximal ductules at the ductular-hepatocellular 

junctions known as the canals of Hering (106, 107). The bile ducts are located anatomically near 

the portal vein and hepatic artery in a structure known as the “portal triad”, which is separated by 

linear chords of hepatocytes from the central vein (106) (Fig. 5A, B). However, during many types 

of liver injury there is expansion of cells which express BEC markers, known as reactive BECs, 

from the periportal region into the surrounding parenchyma. This phenomena is termed the 

ductular reaction (DR), defined as “a reaction of ductular phenotype, possibly but not necessarily 

of ductular origin” (107). This definition affords flexibility to the cell-of-origin of the DR, as there 

is evidence that cells besides BECs can give rise to cells of the DR, which will be discussed further 

later in this review. The DR is considered by some to be activation and expansion of liver 

progenitor cells (LPCs), also known as oval cells in rodents, which are bipotent cells capable of 

giving rise to hepatocytes or BECs (105). Another theory is there is no progenitor cell population 

in the liver, but in the context of liver injury hepatocytes and BECs can function as facultative 

stem cells, and the DR is evidence of this cellular plasticity (104). The DR is a complex process 

which has different phenotypes in different injury conditions, but in general is associated with 

infiltration of inflammatory cells, activation of myofibroblasts, and matrix deposition (108). 

Despite the prevalence of DR after liver injury, the origin, fate and exact roles of LPCs in the 

diseased liver are heavily debated and remain largely elusive.  
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Currently, liver transplantation is the only reliable treatment to prolong the lives of patients 

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

increasing demand (109). Therefore, alternative therapeutic options are desperately needed. Given 

the prevalence of DR in human diseased liver and recent findings which suggest LPCs could be a 

reliable source for new hepatocytes in diseased liver, promoting the differentiation of activated 

LPCs into parenchymal liver cells has recently garnered attention as a powerful potential 

therapeutic option for patients with advanced liver diseases. However, the pathophysiologic and 

molecular mechanisms underlying DR and subsequent LPC differentiation still remain largely 

unknown. In this dissertation, we utilize the choline-deficient, ethionine-supplemented (CDE) diet 

as a model of chronic liver injury, and we demonstrated that lack of Wnt/β-catenin signaling in 

hepatocytes impairs hepatocyte proliferation after CDE diet-induced liver injury and promotes 

BECs to differentiate into hepatocytes.  
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Figure 5: Normal and diseased liver architecture. 

(a) The structure of a liver lobule, which 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 
towards the central vein, which constitutes zone 3. Chords of hepatocytes form the bile canaliculi, 
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which transport hepatocyte-derived bile in the opposite direction of blood flow to the bile ducts. 
The interface between the end of the bile canaliculus and the start of the bile duct is known as the 
Canal of Hering. (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. Scale bar: 
50 µm. (c) Liver from an acute liver failure patient stained with a panCK antibody. A ductular 
reaction (DR) is evidenced by a large increase in the number of panCK-positive cells (arrows). 
Intermediate hepatocytes, or cells which are panCK-positive but exhibit hepatocyte morphology 
(arrowheads), can be observed adjacent to cells of the DR. Scale bar: 50 µm. (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). Scale bar: 50 µm. (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. Scale bar: 50 µm. 

1.4 Overview of the Ductular Reaction 

1.4.1  Ductular Reaction in Human Liver Disease 

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

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

theory, analysis of patients diagnosed with acute liver failure or severe liver impairment which 

exhibited severe loss (>50%) of hepatocytes in combination with impaired proliferation of 

remaining hepatocytes developed a robust ductular reaction (Fig. 5C). This study also tracked the 

appearance of intermediate hepatocytes (those which express BEC markers CK7 or CK19) and 

concluded that LPCs appear early but need approximately one week’s time to differentiate to 

hepatocytes (110). In line with this theory, spontaneous recovery of patients with massive hepatic 

necrosis, a condition where nearly all parenchymal cells are acutely lost, is theorized to be due to 

LPC-mediated liver regeneration (reviewed in (111)). There is also evidence of LPC-derived 

hepatocytes in human cirrhosis patients with parenchyma extinction (112). However, even in the 
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setting of acute liver failure, the degree of the DR is positively correlated with liver stiffness and 

hepatic stellate cell (HSC) activation (111, 113), demonstrating the intricate relationship between 

the cells of the DR and the non-parenchymal cells of the liver (reviewed in (114)).  

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

a wide range of pathological settings (111, 115-118). Indeed, in chronic hepatitis C virus (HCV) 

infection, advanced fibrosis stage was associated with higher numbers of activated HSCs and LPCs 

in both adult (119) and pediatric patients (120). In patients with nonalcoholic steatohepatitis 

(NASH), the degree of the DR was strongly correlated with the degree of portal inflammation, 

hepatocyte replicative arrest, and fibrosis stage (Fig. 5D) (121). There were similar findings in 

non-alcoholic fatty liver disease (NAFLD), where the portal inflammatory infiltrate was 

dominated by CD68+ macrophages and CD8+ lymphocytes (122). Furthermore, in patients with 

NASH, expansion of the DR reaction into the centrilobular region was correlated with fibrosis 

stage and fibrosis progression (123). In a study of pediatric NASH patients, the degree of pro-

inflammatory macrophage polarization was correlated with disease severity, DR, and portal 

fibrosis (124).  

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

thought to be disease-specific phenotypic differences. The cells of the DR can differ in 

morphology, ranging from organized ductules with clear lumina to more disorganized strings of 

cells with no visible lumina, and the morphology varies depending on the etiology of the liver 

injury (reviewed in (116)). 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 (Fig. 5E), DR phenotype and activation of signaling 

pathways differed between PSC and PBC (125). Another study used laser capture microdissection 
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to isolate cells of the DR from HCV or PSC patients, and high throughput RNA sequencing 

revealed numerous differences, including a neo-angiogenesis signature in HCV in contrast to a 

profile of oxidative stress-related and pro-inflammatory gene expression in PSC (126).  

There is evidence that LPCs themselves can secrete proinflammatory and profibrogenic 

cytokines (127). In alcoholic hepatitis, the expansion of the DR correlates with disease 

progression, and cells of the DR were found to express chemokines and inflammatory mediators 

promoting neutrophil infiltration in the periportal area (128). A recent study found that activation 

of non-canonical 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 beta increased in BECs and induced RELB activation, and a corresponding mouse 

model found that deletion of RELB reduced inflammatory cell infiltration and expression of 

inflammatory cytokines (129), providing further evidence that cells of the DR can promote 

inflammation.  

A subset of patients with chronic liver disease will go on to develop liver cancer, such as 

hepatocellular carcinoma (HCC), and chronic inflammation is known to be a driver of hepatic 

carcinogenesis (130). There’s a long-standing debate on the role of LPCs in hepatic tumorigenesis 

(131). LPCs are thought to be a potential source of HCC, due to the strong association of the DR 

and progression of chronic liver disease and the fact that up to 50% of human HCC express markers 

of BECs. Additionally, in humans approximately 55% of small cell dysplastic foci are composed 

of LPCs and intermediate hepatocytes (132). Furthermore, a proliferating peritumoral DR was 

found to be a strongly correlated with inflammation and fibrosis, and was an independent 

prognostic factor for disease-free survival after surgical resection of HCC (133, 134). A 
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proliferating peritumoral DR was also found to be correlated with overall survival and disease-free 

survival post-hepatectomy in patients with combined hepatocellular-cholangiocarcinoma (135). 

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. 

1.4.2  Evidence for Hepatic Stem Cells in Fetal and Adult Liver 

 

Figure 6: 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 pluripotent stem cell characteristics, listed above. (b) It is theorized 
that quiescent liver progenitor cells (LPCs), potentially residing the Canal 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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While the idea of a LPC population in the liver remains an intensely controversial topic, 

the concept of LPCs has roots in liver development. The liver originates from the foregut 

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

of hepatoblasts, embryonic cells which give rise to both hepatocytes and BECs (for a full review 

of liver development see references (67, 136)). Within the hepatoblasts, several groups have 

reported the existence of a subset of cells with stem cell-like properties, termed hepatic stem cells 

(HpSCs) (Fig. 6A) (67). Cells expressing c-Met and CD49f and negative for c-Kit, CD45, and 

TER119 isolated from E13.5 fetal mouse liver were found to self-renew in culture and give rise to 

hepatocytes and BECs, and found to be multipotent by their capability to differentiate into 

pancreatic ductal and acinar cells or intestinal epithelial cells during in vivo transplantation 

experiments (137). Another group identified that the Dlk-positive cell fraction isolated from E14.5 

fetal mouse liver contained cells that were highly proliferative, could differentiate into BECs and 

hepatocytes in vitro, and gave rise to hepatocytes when transplanted intrasplenically in vivo (138). 

In human fetal liver samples, CD117+/CD34+/CD90- cells were found to express both hepatic and 

biliary markers in vitro (139). Other groups identified cells that express markers such as CD133, 

cytokeratins 8, 18, and 19, CD44H, telomerase, claudin 3, with weak expression of albumin (140); 

additional markers include CD34, CD90, c-kit, EpCAM, c-met, vimentin, and SSEA-4, and these 

cells have displayed over 100 population doublings in culture and the ability to differentiate into 

fat, bone, cartilage, and endothelial cells (141). When AFP+/CK19+/albumin+ HpSCs were 

isolated from E14 rat livers and transplanted into rats subjected to two-thirds 70% partial 

hepatectomy, they transdifferentiated into both hepatocytes and BECs and represented 23.5% of 

total liver mass after 6 months, suggesting continuous proliferation of the donor cells over the 



 25 

duration of the experiment (142). 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 (Fig. 6B). 

Examination of human postnatal liver samples have revealed that “hybrid” cells in the canal of 

Hering which express HpSC markers (140, 143, 144), such as BECs which weakly express Hnf4α 

and hepatocytes which weakly express Hnf1β (145). In normal adult mice, a small fraction of cells 

expressing markers such as EpCAM, CD133, CD13, and SOX9 have been isolated and reported 

as adult LPCs (146-148), although the efficiency of these cells to form colonies and differentiate 

into hepatocytes in vitro was reduced with age (149). In line with these results, single-cell isolated 

SOX9-positive ductal progenitors formed self-renewing organoids in culture (150). More recently, 

ST14 was identified as a marker of clonogenic cholangiocytes which could give rise to organoids 

that could be serially passaged, although it was not determined if these ST14-positive BECs were 

localized to the canals of Hering (151). Studies using sub-lethal acetaminophen overdose have 

demonstrated through BrdU administration that the cells in the canals of Hering are label-retaining 

cells, a property characteristic of stem cell niches (152, 153). Additionally, 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 (154). A laminin-

containing basement membrane is present in the canals of Hering (153, 155), and laminin has been 

shown to be important for the proliferation and maintenance of LPCs in culture (156), and laminin 

surrounds LPCs during liver injury in vivo (157, 158). Additionally, morphological studies after 

severe liver injury in mice indicated that LPCs were derived from the canals of Hering (159). 

Taken together, these data suggest there may be a population of LPCs in the adult liver, although 
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their function in liver regeneration has been more clearly elucidated in models of liver injury as 

opposed to studies of homeostatic adult liver. 

1.4.3  Evidence for Liver Progenitor Cells and BEC-to-Hepatocyte Differentiation in 

Rodent Models 

1.4.3.1 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. In a study cataloguing the histological 

changes following administration of chemical carcinogens in rats, Dr. Emmanuel Farber noted that 

a very early change was the proliferation of “oval cells”, which first appeared in the periportal area 

and over time expanded throughout the entire liver lobule, a phenomenon also described as a 

ductular reaction. These cells were presumed to be of BEC origin (160). It was noted that 

expansion of these cells preceded liver regeneration and it was speculated that oval cells were 

giving rise to a subset of hepatocytes in hyperplastic liver nodules. It was further found that oval 

cells expressed fetal liver markers such as α-fetoprotein (AFP) (161). Studies of azo dye 

carcinogenesis similarly reported transitioning of oval cells into hepatocytes (162, 163), and it was 

suggested that oval cells may function to provide new hepatocytes during prolonged severe liver 

injury. However, the origin and fate of oval cells was intensely controversial (105). Other groups 

performed cell labeling experiments with tritiated thymidine in multiple models of liver injury 

including chemical carcinogenesis, bile duct ligation, and partial hepatectomy in combination with 

carbon tetrachloride administration and argued that oval cells did not give rise to hepatocytes and 

instead underwent removal by cell death (164-166).  
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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 hepatocyte proliferation and then subjected to partial 

hepatectomy (PHx), which led to a massive expansion of oval cells (167). 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 (168). Pulse-chase labeling of specifically oval cells with tritiated 

thymidine (169, 170) and careful immunohistochemical analysis (171) in the 2-AAF/PHx model 

demonstrated the conversion of oval cells into hepatocytes, leading to the hypothesis that oval cells 

only give rise to hepatocytes when hepatocyte proliferation is impaired in the context of liver 

injury, which is remains a popular hypothesis for the condition of LPC-to-hepatocyte 

differentiation to this day.  

1.4.3.2 The Choline-Deficient, Ethionine-Supplemented Diet Model 

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

hepatocarcinogen ethionine with choline deficiency. Prolonged choline deficiency was known to 

induce liver tumors in rats (172, 173). Ethionine is an analog of methionine and is extremely toxic 

to cells, causing incorporation of ethionine into proteins, reduced protein translation, inhibition of 

DNA replication (174), and prolonged administration of ethionine promotes development of liver 

tumors in rats (160). Administration of a choline-deficient, ethionine-supplemented (CDE) diet in 

rats acutely led to immune infiltration, cell necrosis, fat accumulation, and massive oval cell 

proliferation (175). The CDE diet model has since been adapted for use in mice, where it also gives 

rise to steatohepatitis and oval cell expansion (176). The efficiency and speed of the CDE diet in 

promoting expansion of putative LPCs has made it a widely used model in this field. Sophisticated 
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quantitative liver intravital microscopy revealed compromised blood-bile barrier in mice fed CDE 

diet for four days, which was accompanied by disruption of tight junctions and increase in liver 

injury (177). Deposition of matrix around the portal tract occurs as early as after three days of CDE 

diet and increases over the course of injury, but expansion of the DR begins around day seven of 

CDE diet-induced liver injury and continues to increase over time (158, 178).  

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

the initiation of the DR. Previously it was shown that a Th1-mediated cellular immune response is 

necessary for DR by demonstrating impaired LPC activation in CDE diet-fed 

immunocompromised mice by genetic deletion of key genes for T-cell-mediated immune 

response, such as CD3, Rag2 and IFNr (179, 180). More recently, it was reported that bone marrow 

cell transplantation or recombinant TWEAK (TNF-like weak inducer of apoptosis) injection is 

sufficient to induce DR in healthy mice without additional hepatic injury (181). This result may 

suggest that hepatic damage-induced macrophage infiltration and secretion of TWEAK is critical 

for triggering DR. However, it must be noted that there is no DR following 2/3 PHx, which also 

induces TWEAK/Fn14 (receptor for Tweak)-mediated innate immune responses (182). Therefore, 

it would be interesting to investigate the immunologic profiles at early stage of the livers with or 

without DR.  

Although it has long been speculated that oval cells give rise to hepatocytes in the CDE 

diet injury model, the advent of lineage tracing technology 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 which gives 

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

YFP, indicating ductal plate origin (183). Other lineage tracing systems to label BEC-derived oval 

cells in CDE diet-fed mice include Osteopontin (OPN)-CreERT (155), Foxl1-Cre (184), Hnf1β-

CreERT (185), and Krt19-CreERT  (186-188). While these BECs do not contribute to hepatocytes 

during homeostasis or during toxic or surgical loss of liver mass (150, 155, 186), several groups 

have demonstrated that LPCs give rise to hepatocytes after CDE diet-induced liver injury followed 

by a recovery period on normal chow, with numbers of LPC-derived hepatocytes ranging from 

1.86% (185), 2.45% (155), to 29% in one study where analysis was limited to mice that lost more 

than 14% of their initial body weight upon exposure to CDE diet (184). However, other groups 

performing lineage tracing in the CDE diet model have found that BECs do not significantly 

contribute to hepatocytes. One studying utilizing Sox9-CreERT to label BECs found no BEC-

derived hepatocytes after CDE diet and recovery (150). Another group utilized Krt19-CreERT to 

label BECs and failed to detect BEC-derived hepatocytes after CDE diet and recovery (186). 

Several groups have utilized adeno-associated virus serotype 8 (AAV8), a virus which 

preferentially infects hepatocytes (189), to deliver Cre recombinase driven by a hepatocyte-

specific promoter. With this technique, greater than 99% of hepatocytes can be genetically labeled 

(186, 188-190). In these hepatocyte lineage tracing studies, several groups found no contribution 

of BECs to hepatocytes during CDE diet and recovery (186, 190).  

However, a potential explanation for the very few to no BEC-derived hepatocytes after 

CDE diet-induced liver injury in mice is due to the fact that hepatocyte proliferation is not impaired 

during CDE diet (150, 188, 190). One group utilized the AhCre system to conditionally delete the 

E3 ubiquitin ligase Mdm2 in up to 98% of hepatocytes, leading to overexpression of p21, 

hepatocyte senescence, hepatocyte injury, and widespread DR. LPCs isolated from CDE diet-fed 



 30 

mice were transfected with a GFP plasmid and transplanted into Mdm2 hepatocyte-null mice, and 

after three months GFP-positive hepatocytes and BECs represented approximately 15% of liver 

tissue, suggesting LPC-to-hepatocyte differentiation (191). In a follow-up study, Krt19-CreERT was 

utilized to label BECs, and animals were injected with AAV8-p21 to overexpress p21 in 

hepatocytes followed by CDE diet and recovery, which resulted in approximately 15.3% of 

hepatocytes being derived from BECs. In the same study, the authors used AAV8-thyroid binding 

globulin (TBG)-Cre in order to delete β1 integrin specifically in hepatocytes, which were 

simultaneously labeled with the marker tdTomato. These animals were given methionine, choline-

deficient (MCD) diet to induce liver injury followed by a recovery normal diet, where 20-30% of 

hepatocytes were found to be tdTomato-negative, indicating they did not originate from a pre-

existing hepatocyte. These results were confirmed in Krt19-CreERT mice with tdTomato-labeled 

BECs given RNAi against Itgb1 (β1 integrin) and subjected to MCD diet followed by recovery, 

where tdTomato-positive hepatocytes were observed (187). In a recent study from our group, mice 

with hepatocyte-specific EYFP-labeling and simultaneous deletion of β-catenin via AAV8-TBG-

Cre subjected to CDE diet displayed a profound impairment of hepatocyte proliferation. Following 

recovery on normal diet for two weeks, there was expansion of β-catenin-positive, EYFP-negative 

hepatocytes, accounting for approximately 20% of periportal hepatocytes. Interestingly, between 

three and seven days of recovery on normal diet after CDE diet, very small β-catenin-positive 

hepatocytes were observed, along with β-catenin+/CK19+/Hnf4α+ cells, suggesting BECs in the 

process of differentiating into hepatocytes (Fig. 7B). Positive lineage tracing via Krt19-CreERT 

mice with tdTomato-labeled BECs injected with Ctnnb1 RNAi and placed on CDE diet followed 

by recovery resulted in tdTomato-positive hepatocytes, confirming that BECs were giving rise to 
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hepatocytes in this model (188). All together, these results suggest that when hepatocyte 

proliferation is impaired in the CDE diet model, BECs/LPCs give rise to hepatocytes. 

1.4.3.3 The DDC Diet Model 

Another model that has been used to study potential BEC-to-hepatocyte differentiation is 

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

pigment plugs in the biliary tract, leading to bile duct obstruction, DR, cholangitis, and periportal 

fibrosis (192). A notable feature of the DDC diet in addition to the robust proliferation of 

hepatocytes and BECs is the appearance of biphenotypic hepatocytes which express Hnf4α and 

biliary marker A6 (193). However, much like work in the CDE diet, different groups have reported 

conflicting conclusions regarding LPC-to-hepatocyte differentiation. Groups utilizing Krt19-

CreERT mice (186) or Sox9-CreERT mice (150) with labeled BECs found no BEC-derived 

hepatocytes after four weeks of DDC diet-induced liver injury (150) or 2-3 weeks of DDC diet 

followed by recovery on normal diet (186). However, when hepatocyte proliferation was impaired 

through hepatocyte-specific β1 integrin deletion or p21 overexpression and animals were subjected 

to DDC diet and recovery, significant numbers of BEC-derived hepatocytes were observed (187). 

One group lineage traced Lgr5+ cells, and found that while Lgr5 was not readily detectable in 

normal liver, treatment with DDC diet led to labeling of both BECs and hepatocytes. When single 

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

of both BECs and hepatocytes. These organoids could differentiate to hepatocytes when 

transplanted in vivo, suggesting these Lgr5+ cells marked damage-induced LPCs (194). Excitingly, 

a recent study theorized prolonged exposure to severe liver injury, as is the case for human patients, 

would lead to BEC-derived hepatocytes in wild-type animals. To this end, they subjected Krt19-

CreERT mice with labeled BECs to DDC diet for 24 weeks, and observed approximately 9.1% of 
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hepatocytes were BEC-derived (195). This work has important implications because of the 

appearance of BEC-derived hepatocytes in the absence of genetic manipulation. 

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 as crucial regulators of proliferation of hepatoblasts (196, 197) and LPCs (198) via 

repressing Bim1 expression (196). Jalan-Sankrikar et al. suggested hedgehog signaling as an 

upstream regulator of EZH2/PRC during proliferation of LPCs in DDC-fed mice (198). Recently, 

it was reported that chromatin readers, bromodomain and extraterminal (BET) proteins, regulate 

LPC activation in a Myca-dependent manner using both zebrafish and mouse systems (17). 

Altogether, these results may suggest that chromatin modification is necessary for transition of a 

quiescent LPC into active status for further expansion. However, distinct roles for chromatin 

remodeling in reprogramming/dedifferentiation of parenchymal cell and LPCs during regeneration 

remains to be further investigated. 

1.4.3.4 The Thioacetamide Liver Injury Model 

Another model that has been used to study BEC-to-hepatocyte differentiation is the 

thioacetamide (TAA)-induced liver injury model. TAA is metabolized into a toxic metabolite in 

hepatocytes and induces centrilobular hepatic necrosis (199). Chronic administration of TAA in 

drinking water leads to the development of cirrhosis (200). A recent study utilized AAV8-TBG-

Cre to label hepatocytes with tdTomato and simultaneously delete β1 integrin specifically in 

hepatocytes, and when these mice were exposed to TAA for three weeks followed by a recovery 

period on normal diet, 20-30% of hepatocytes were tdTomato negative (187). A more recent study 

subjected Krt19-CreERT mice with labeled BECs to TAA treatment for 24 weeks, and found around 

10% of hepatocytes were BEC-derived. Excitingly, the authors of this study identified bi-
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phenotypic cells with BEC-morphology that expressed CK19 and Hnf4α, which accounted for 

approximately 3.87% of ductular cells. These cells had reduced expression of mature BEC markers 

such as PKCζ and primary cilia, and did not express Lgr5 or AFP, which led the authors to argue 

these cells were BECs directly converting into hepatocytes, as opposed to differentiation through 

a LPC intermediate stage (195). However, expression of more widely accepted LPC markers were 

not assessed in this study, and the renewal capacity of these cells was not tested through in vitro 

culture, so the question remains if these bi-phenotypic cells represent differentiation of mature 

BECs or activation of LPCs. 

1.4.4  Transdifferentiation of Hepatocytes into BECs: 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 hepatocytes and cholangiocytes serve as facultative stem cells (104, 201), meaning the 

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

directly transdifferentiate into hepatocytes, and vice versa, to mediate liver regeneration when the 

normal proliferation of one of these populations is impaired (Fig. 7A, C). In the case of hepatocyte-

to-cholangiocyte transdifferentiation, this theory is supported by in vitro organoid cultures. Rats 

which do not express the enzyme Dipeptidyl Peptidase IV (DPPIV) were given retrorsine, an agent 

which blocks hepatocyte proliferation, and transplanted with DPPIV-positive hepatocytes, which 

resulted in livers with colonies of donor-derived DPPIV-positive hepatocytes. 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 hepatocyte origin (202). This 

finding was further confirmed when DPPIV-negative rats were given retrorsine and subjected to  
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Figure 7: The transdifferentiation theory. 

(a) During acute severe or chronic liver injury where hepatocyte function is significantly impaired, 
BECs can directly transdifferentiate into hepatocytes to mediate liver repair. During this process, 
BECs express hepatocyte markers such as Hnf4α. (b) The liver from a mouse fed CDE diet for 
two weeks followed by three days of recovery on normal diet stained for CK19 (green) and Hnf4α 
(red). A transdifferentiating cell which expressed both CK19 and Hnf4α is evident (white arrow). 
Scale bar: 20 µm. (c) Following bile duct paucity or severe injury to BECs, hepatocytes can 
transdifferentiate into BECs, and during this process hepatocytes will express BEC markers such 
as Sox9. Signaling pathways including Tgfβ, YAP, and Notch, and Wnt/β-catenin have been 
identified as playing a role in promoting this process. (d) Liver from a mouse two days post-bile 
duct ligation stained for Sox9 reveals the appearance of hepatocytes which express Sox9 (arrows) 
in comparison to the presence of Sox9 in the BECs lining the bile ducts (arrowheads). 
 
 
PHx followed by transplantation with DPPIV-positive hepatocytes. When these chimeric livers 

were pretreated with DAPM and subjected to bile duct ligation (BDL) (a surgical procedure 

where the common bile duct is ligated, leading to obstructive cholestasis, proliferation of BECs, 

and periportal fibrosis (203)) appearance of DPPIV-positive ductules was observed (204). A 

similar study found that GFP-labeled hepatocytes transplanted into rats after BDL adopted a 

cholangiocyte phenotype, indicating hepatocyte-to-BEC transdifferentiation (205). 
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The DDC diet has also been used to study hepatocyte-to-cholangiocyte differentiation. 

When mice were given AAV8-TBG-Cre to label hepatocytes with YFP and subjected to DDC diet 

or BDL, YFP-positive cells with biliary morphology which expressed BEC markers were detected 

(193). A different group found that SOX9+; EpCAM- negative cells isolated from DDC diet-fed 

mice could be differentiated into hepatocytes or BECs in vitro (206). One study utilized β-

galactosidase-labeled hepatocytes transplanted into mice subjected to retrosine treatment in 

conjunction with PHx to promote engraftment of donor cells, and subsequently induced liver injury 

with CCL4 or DDC diet and observed β-galactosidase-positive BECs (207). Interestingly, a recent 

study where telomerase reverse transcriptase-expressing hepatocytes were labeled with the lineage 

marker tdTomato described the appearance of tdTomato-positive BECs following DDC diet-

induced liver injury (208).   

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

crucial role of Notch signaling has been confirmed by numerous groups (Fig. 7C). Hepatocyte-

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

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

principal effector of Notch signaling) in mice fed DDC diet significantly reduced the number of 

hepatocyte-derived BECs, suggesting that Notch signaling is required for hepatocyte 

reprogramming (193). Another group found that the majority of cholangiocytes were derived from 

hepatocytes in chronic DDC diet-induced liver injury, and the ductular reaction in these mice was 

significantly increased with NICD overexpression and significantly reduced via Hes1 deletion 

(209). 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 DDC diet administration reduced 

the extent of the DR, which was attributed to impaired hepatocyte dedifferentiation (210). 
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Importantly, overexpression of Yes-Associated Protein (YAP) in hepatocytes was sufficient to 

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

downstream target of YAP signaling during the dedifferentiation process (211). Similarly, another 

group described periportal hepatocytes which express SOX9 and differentiate to ductal cells after 

DDC diet-induced liver injury (212). Another signaling pathway putatively involved in 

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

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

markers after DDC diet-induced liver injury, and blocking Wnt secretion from BECs via deletion 

of Wntless reduced the number of hepatocytes expressing BEC markers following DDC diet-

induced liver injury (213).  

However, the findings of hepatocyte-to-BEC transdifferentiation during liver regeneration 

are disputed. Some lineage tracing studies performed on mice fed DDC diet or subjected BDL 

detected no evidence of hepatocyte-derived BECs (189). Other groups have found that the 

hepatocytes which adopt a biliary phenotype during injury revert back to the hepatocyte fate upon 

the cessation of injury, arguing that it is hepatocyte metaplasia as opposed to true 

transdifferentiation (214). Interestingly, a recent paper demonstrated the transdifferentiation of 

hepatocytes into BECs in a mouse model of human Alagille syndrome. Mice with Albumin-Cre 

mediated deletion of Rbpj and Hnf6 in both hepatocytes and cholangiocytes are born lacking 

peripheral bile ducts but spontaneously form bile ducts by approximately four months of age. 

Hepatocytes in these mice were labeled with GFP via injection of AAV8 encoding flippase under 

a hepatocyte-specific promoter. The newly-derived BECs were GFP-positive, indicating their 

hepatocyte origin. The authors further proved that this transdifferentiation of hepatocytes into 

BECs required TGFβ signaling, as Albumin-cre+/−;Rbpjf/f; Hnf6f/f; Tgfbr2f/f mice failed to form de 
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novo peripheral bile ducts. These hepatocyte-derived bile ducts were stable throughout life, 

indicating true transdifferentiation as opposed to metaplasia (215).  
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2.0 Bromodomain and Extraterminal Proteins (BET) Proteins Regulate Hepatocyte 

Proliferation in Hepatocyte-Driven Liver Regeneration 

In this section we investigate the role of BET proteins after PHx, a hepatocyte-proliferation 

driven liver regeneration model, by treating C57BL6 mice with BET-inhibitor JQ1 or a vehicle 

control two hours post-PHx and assessing hepatocyte proliferation at 40-45 hours post-PHx, which 

corresponds to the peak of hepatocyte proliferation in mice. We predict that JQ1 will block 

hepatocyte proliferation, and we discuss our results, interpretations, and future directions in detail. 

This study was published in The American Journal of Pathology PMID: 29545201 (216). As first 

author, the publisher Elsevier has granted full permission to reuse the manuscript in this 

dissertation.  

2.1 Paper Summary 

Bromodomain and extraterminal (BET) proteins recruit key components of basic 

transcriptional machinery to promote gene expression. Aberrant expression and mutations in BET 

genes have been identified in many malignancies. Small molecule inhibitors of BET proteins like 

JQ1 have shown efficacy in preclinical cancer models including affecting growth of hepatocellular 

carcinoma. BET proteins also regulate cell proliferation in non-tumor settings. We recently 

showed BET proteins regulate cholangiocyte-driven liver regeneration. Here, we sought to study 

the role of BET proteins in hepatocyte-driven liver regeneration in partial hepatectomy (PHx) and 

acetaminophen (APAP)-induced liver injury models in mice and zebrafish. JQ1 was injected 2 or 
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16 hours post-PHx in mice to determine effect on hepatic injury, regeneration and signaling. Mice 

treated with JQ1 after PHx display increased liver injury and a near-complete inhibition of 

hepatocyte proliferation. Levels of Ccnd1 mRNA and Cyclin D1 protein were reduced in 16 hour 

post-PHx JQ1 injected animals, and even further reduced in 2 hours post-PHx JQ1-injected mice. 

JQ1-treated zebrafish larvae after APAP-induced injury also displayed notably impaired 

hepatocyte proliferation. In both models, Wnt signaling was prominently suppressed by JQ1. Our 

results show BET proteins regulate hepatocyte proliferation-driven liver regeneration and Wnt 

signaling is particularly sensitive to BET protein inhibition. 

2.2 Background 

The liver is a highly regenerative organ which is able to recover from repeated bouts of 

injury through proliferation of the main epithelial cell type of the liver, the hepatocytes (80). 

Alternatively, in conditions of extreme liver injury where proliferation of hepatocytes is impaired, 

biliary epithelial cells (BECs) can give rise to liver progenitor cells (LPCs) which can subsequently 

differentiate into hepatocytes to restore lost cell mass (217, 218). Despite this innate capacity for 

regeneration, chronic liver disease and cirrhosis is the 12th leading cause of death in the United 

States (219). Patients with chronic liver disease and cirrhosis are at a major risk for developing 

hepatocellular carcinoma (HCC), the fifth most common cancer in men worldwide and the second 

leading cause of cancer-related death (220).  The prognosis for HCC is exceedingly poor, with an 

overall 5-year survival rate of 5.1% in the United States, as there are currently no curative therapies 

for advanced HCC (221). Clearly, there is a great need to develop new therapies for HCC and 

underlying chronic liver disease. As failure of endogenous liver regeneration is thought to drive 



 40 

progression in chronic liver disease (222, 223), understanding the mechanisms of liver 

regeneration may lead to the development of new therapies. 

Recently, a class of drugs has been developed which inhibits bromodomain and 

extraterminal (BET) proteins and shows promise in the treatment of cancer and inflammation (3). 

The BET protein family consists of Brd2, Brd3, Brd4, and Brdt which share conserved 

bromodomains, chromatin interaction modules that bind to acetylated lysine residues on histone 

tails (2). Brd4 in particular has been identified as a component of Mediator, a multiprotein complex 

that promotes transcription by interacting with transcription factors (TFs) to recruit and activate 

RNA polymerase II (3, 4). Moreover, Brd4 has been found to occupy the promoters or enhancers 

of virtually all actively transcribed genes in a variety of cells types (8-10). The recently developed 

drug JQ1 displays potent and specific inhibition of Brd4 through competitively binding its 

bromodomains (11). Interestingly, JQ1 has shown potent anti-cancer effects by selectively 

inhibiting oncogenic gene expression in various cancer cells lines and murine models (8, 12, 224). 

The dosage of JQ1 required to inhibit tumors is well-tolerated in mice, despite widespread 

expression of Brd4 in mouse tissues (8, 11, 12). 

Recent reports have additionally implicated a role of Brd4 in liver pathology. Brd4 was 

found to be overexpressed in HCC cell lines compared to normal liver, and knockdown of Brd4 

expression impaired proliferation, migration, and invasion of HCC cells (15, 225, 226). 

Furthermore, treatment with JQ1 reduced cell growth in both HCC cell lines and a xenograft tumor 

model (226). JQ1 treatment was also shown to be protective in a mouse model of carbon 

tetrachloride-induced liver fibrosis through abrogation of cytokine-induced activation of hepatic 

stellate cells (16). These reports would suggest Brd4 inhibitors as a viable treatment option for 

certain liver diseases. However, Brd4 has also been implicated in the promotion of liver 
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regeneration. In a previous study, we showed that JQ1 inhibited BEC-driven liver regeneration in 

both zebrafish and mice (227). However, the role of Brd4 in the more common hepatocyte-driven 

liver regeneration has not been assessed. In the current study, we determine the effect of JQ1 

treatment in two independent models of hepatocyte-driven liver regeneration: partial hepatectomy 

in mice and acetaminophen-overdose in zebrafish. We show that JQ1 is a potent inhibitor of 

hepatocyte proliferation after liver injury. Therefore, the potential use of JQ1 in treatment of liver 

disease must be carefully considered in order to avoid negatively impacting normal liver 

regeneration. 

2.3 Methods 

2.3.1  Animals and Surgery 

All animal experiments and procedures were performed under the guidelines of the 

National Institutes of Health and after approval by the Institutional Animal Use and Care 

Committee at the University of Pittsburgh, School of Medicine. Male C57BL6/J mice (The 

Jackson Laboratory, Bar Harbor, ME) underwent partial hepatectomy as previously described 

(228). Either 2 hours or 16 hours after surgery animals were injected intraperitoneally with 50 

mg/kg JQ1 (ApexBio, Taiwan, Cat# A1910). A stock solution of 50 mg/ml JQ1 was prepared in 

DMSO and subsequently diluted to a working concentration of 5 mg/ml in a solution of 10% 

hydroxypropyl β-cyclodextrin in sterile water (vehicle solution). As a control, mice were injected 

with the vehicle solution alone at the indicated time point after surgery. Animals were also injected 

with either JQ1 or vehicle solution after sham surgeries (where surgery was performed but no liver 
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was removed). At the time of harvest, either 40 – 45 hours or 72 hours after surgery, animals were 

anesthetized with isoflurane and blood was drawn from the inferior vena cava. Subsequently, 

anesthetized mice were euthanized by cervical dislocation. Livers were washed in phosphate 

buffered saline (PBS), flash frozen in liquid nitrogen, and stored at -80℃ until subsequent protein 

and RNA analysis, or alternatively were drop fixed in 10% buffered formalin for 48 hours prior to 

paraffin embedding. Serum aspartate aminotransferase (AST) levels were determined by 

automated methods at the University of Pittsburgh Medical Center clinical chemistry laboratory. 

2.3.2  Immunohistochemistry 

Tissue samples embedded in paraffin were cut into 4 µm sections. Tissue sections were 

deparaffinized in in xylene and hydrated through changes of 100% ethanol followed by 95% 

ethanol, washed in distilled water, and finally washed in PBS. Antigen retrieval was performed by 

microwaving slides in pH 6 sodium citrate buffer (Cyclin D1) or zinc sulfate buffer (PCNA). After 

cooling, endogenous peroxidase activity was blocked through incubation in 3% H2O2 in distilled 

water for 10 minutes. Slides were then washed in PBS and blocking was performed using Super 

Block (ScyTek Laboratories, Logan, UT, AAA500) for 10 minutes (Cyclin D1) or 20 minutes 

(PCNA). Primary antibodies were diluted in 1% bovine serum albumin (BSA) (Fisher 

BioReagents, Pittsburgh, PA, BP1605100) with 0.1% Tween™ 20 (Fisher BioReagents, BP337-

500) in PBS as follows: Cyclin D1 (Abcam, Cambridge, United Kingdom, ab134175, 1:200) and 

PCNA (Santa Cruz, sc-56, 1:5000) and incubated on the slides for 1 hour at room temperature. 

Sections were washed 3 times in PBS and the correct biotinylated anti-rabbit (Vector Laboratories, 

Burlingame, CA, BA-1000, 1:500) or biotinylated anti-mouse (Millipore, Burlington, MA, 

AP181B, 1:700) secondary antibodies were incubated on the tissue sections for 30 minutes. After 
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washing with PBS 3 times, slides were sensitized with the Vectastain® ABC kit (Vector 

Laboratories, PK-6101) for 30 minutes. Sections were washed 3 times with PBS and color was 

developed with the DAB Peroxidase Substrate Kit (Vector Laboratories, SK-4100) followed by 

quenching in distilled water for 5 minutes. Sections were counterstained in hematoxylin (Thermo 

Scientific, Pittsburgh, PA, 7211) for approximately 8 – 20 seconds and washed under running tap 

water for 5 minutes. Slides were then dehydrated in changes of alcohol (70%, 95%, 100%) 

followed by xylene and coverslips were applied with Cytoseal™ XYL (Thermo Scientific, 8312-

4). Images were taken on Axioskop 40 (Zeiss, Oberkochen, Germany) inverted brightfield 

microscope. 

2.3.3  Protein Extraction and Western Blots 

Whole-cell lysates of liver tissue were prepared using RIPA buffer containing fresh 

protease and phosphatase inhibitors (Thermo Scientific, Prod# 1861282) as described previously 

(229). Gel electrophoresis was performed with 30 µg of protein run on precast 7.5% 

polyacrylamide gels (BioRad, Hercules, CA, Cat# 456-1025) and transferred onto nitrocellulose 

membranes using the Trans-Blot® Turbo™ Transfer kit (BioRad, Cat# 170-4270). Membranes 

were blocked in 5% milk (LabScientific, Highlands, NJ, Cat# M0841) in Blotto blocking buffer 

(0.15 M NaCl, 0.02 M Tris pH 7.5, 0.1% Tween in dH2O) for 30 minutes at room temperature. 

Primary antibodies were diluted in 5% milk/Blotto as follows: Cyclin D1 (Thermo Scientific, RB-

9041-P; 1:200), β-catenin (BD Biosciences, San Jose, CA, 610154; 1:1000), and GAPDH (Santa 

Cruz Biotechnology, Dallas, TX, sc-25778, 1:1000) and incubated on membranes at 4℃ 

overnight. Membranes were washed in Blotto for 15 minutes prior to incubation with the correct 

HRP-conjugated mouse (Millipore, AP308P; 1:10,000) or rabbit (Thermo Scientific, Cat# 31460, 
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1:20,000) secondary antibodies diluted in 5% milk/Blotto for 1 hour at room temperature. 

Membranes were then washed for 15 minutes in Blotto prior to exposure with SuperSignal® West 

Pico Chemiluminescent Substrate (Thermo Scientific, Prod# 34080) for 3 minutes at room 

temperature. The resulting bands were viewed by autoradiography. 

2.3.4  RNA Isolation and Real-Time PCR 

Cellular RNA was isolated by homogenizing liver tissue in TRIzol™ Reagent (Thermo 

Scientific, Cat# 15596026), followed by a cholorform extraction, precipitating nucleic acid with 

isopropanol at -20℃, and dissolving the resulting dried nucleic acid pellet in nuclease-free water 

(QIAGEN, Hilden, Germany, Cat# 129117). DNase treatment was performed with the DNA-

free™ Kit (Ambion, Pittsburgh, PA, AM1906) according to manufacturer instructions. 

Approximately 1 µg of RNA was reverse-transcribed using SuperScript® III (Invitrogen, 

Carlsbad, CA, 18080-044). Real-time PCR was performed on a StepOnePlus™ Real-Time PCR 

System (Applied Biosystems, Foster City, CA, Cat# 4376600) using the Power SYBR® Green 

PCR Master Mix (Applied Biosystems, 4367660) with the mouse-specific primers listed Table 1. 

Fold changes in gene expression were calculated after normalizing target gene expression to the 

average of two housekeeping genes (Gapdh and Rn18s) using the ΔΔ-Ct method. 
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Table 1: Sequence of Real Time PCR primers used in the study in mice. 

Gene Forward Primer Reverse Primer 
Ccnd1  5’-TTTCTTTCCAGAGTCATCAAGTGT-3’ 5’-TGACTCCAGAAGGGCTTCAA-3’ 
Ctnnb1  5’-GGGTCCTCTGTGAACTTGCTC-3’ 5’-

TTCTTGTAATCCTGTGGCTTGTCC-
3’ 

Axin2 5’-GAGAGTGAGCGGCAGAGC-3‘ 5’-CGGCTGACTCGTTCTCCT-3’ 
Regucalcin  5’-CGATTCAATGATGGGAAGGT-3’ 5’-CGTTTCCTCAGCCATGGTA-3’ 
Lect2 5’-CCCACAACAATCCTCATTTCA-3’ 5’-GTTAGCCCATGGTCCTGCTA-3’ 
Brd4 5’-TTCAGCACCTCACTTCGACC-3’ 5’-CTGGTGTTTTTGGCTCCTGC-3’ 
Gapdh 5’-AACTTTGGCATTGTGGAAGG-3’ 5’-ACACATTGGGGGTAGGAACA-3’ 
Rn18s 5’-GTAACCCGTTGAACCCCATT-3’ 5’-CCATCCAATCGGTAGTAGCG-3’ 

 

2.3.5  Cell Culture 

HepG2 liver tumor cells were grown to approximately 30 – 40% confluency in Eagle's 

Minimum Essential Medium (ATCC®, Manassas, VA, Cat# 30-2003) supplemented with 10% 

fetal bovine serum (Gemini Bio-Products, West Sacramento, CA, Cat# 100-106) and penicillin-

streptomycin (ATCC®, 30-2300) and then serum starved overnight. Cells were transfected with 

800 ng TopFlash (Millipore, 21-170) or the p65 reporter (gift from Dr. David Geller (230)) and 

200 ng Renilla in Opti-MEM media (Gibco, Gaithersburg, MD, Cat# 31985-070) using the 

Lipofectamine® 3000 Transfection Kit (Invitrogen, L3000-008) according to manufacturer 

instructions. After 5 hours incubation with transfection reagents, 0.25 µm, 0.5 µm, or 1 µm JQ1, 

or DMSO alone as a control, in EMEM media supplemented with 4% FBS and penicillin-

streptomycin was added to the cells. Treated cells were harvested 24 hours later and luciferase 

activity was measured using the Dual-Luciferase® Reporter Assay System (Promega, Madison, 

WI, Cat# E1960) and normalized to Renilla levels.  
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For siRNA experiments, HepG2 or Hep3B hepatocellular carcinoma cells were seeded at 

a density of 200,000 cells/well in 6-well plates. After 48 hours of culture, cells were transfected 

with Silencer® Select BRD4 siRNA S23901 (Ambion, 4390824) or Silencer® Select Negative 

Control #2 siRNA (Ambion, 4390847) in Opti-MEM media (Gibco, 31985-070) using the 

Lipofectamine® RNAiMAX kit (Invitrogen, 13778-150) and incubated for 24 hours at 37℃. Next, 

TopFlash transfections were performed as described earlier, and luciferase activity was measured 

24 hours post-TopFlash transfection. 

2.3.6  Zebrafish Studies 

Experiments were performed with approval of the Institutional Animal Care and Use 

Committee (IACUC) at the University of Pittsburgh.  Embryos and adult fish were raised and 

maintained under standard laboratory conditions (231).  We used the following transgenic lines: 

Tg(fabp10a:CFP-nfsB)s931 (232),   Tg(EPV.Tp1-Mmu.Hbb:hist2h2l-mCherry)s939 (233), and 

Tg(fabp10a:mAGFP-gmnn,cryaa:ECFP)pt608 (227) [referred to here as Tg(fabp10a:CFP), 

Tg(Tp1:H2B-mCherry), and Tg(fabp10a:mAGFP-gmnn), respectively] and Tg(OTM:d2EGFP)kyu2 

(234).  Liver injury was induced by treating Tg(fabp10a:CFP) larvae with 10 mM acetaminophen 

(APAP) from 3.5 to 5 dpf for 36 hours.  The 10 mM APAP working solution was freshly made by 

dissolving APAP powder in egg water supplemented with 0.2% dimethyl sulfoxide (DMSO) and 

0.2 mM 1-phenyl 2-thiourea (PTU).  Hepatocyte ablation was performed by treating 

Tg(fabp10a:CFP) larvae with 10 mM metronidazole (Mtz) in egg water supplemented with 0.2% 

dimethyl sulfoxide (DMSO) and 0.2 mM PTU.  For BET inhibition, larvae were treated with 3 μM 

JQ1 or 50 μM iBET151 from R0h to R48h, and fabp10a:CFP expression was imaged using the 

Leica M205 FA epifluorescence microscope (227).  To quantify liver size and Wnt/β-catenin 
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activity, corrected total cell fluorescence (CTCF) of fabp10a:CFP and OTM:d2EGFP, 

respectively, was measured using the ImageJ software as previously described (235). 

2.3.7  Zebrafish Whole-Mount Confocal Microscopy  

Whole-mount immunostaining was performed as previously described (236), using the 

following antibodies: mouse anti-Alcam (1:20; ZIRC, Eugene, OR) and Alexa Fluor 647-

conjugated secondary antibodies (1:500; Life Technologies, Grand Island, NY).  Zeiss LSM700 

confocal microscope was used to obtain image data and confocal stacks were analyzed using the 

Zen 2009 software.  All figures, labels, arrows, scale bars, and outlines were assembled or drawn 

using the Adobe Illustrator (version CS5) software. 

2.3.8  Zebrafish qPCR 

Total RNA was extracted from 50 dissected livers using the RNeasy Mini Kit (Qiagen, 

Valencia, CA); cDNA was synthesized from the RNA using the SuperScript® III First-Strand 

Synthesis SuperMix (Life Technologies, Grand Island, NY) according to the kit protocols.  qPCR 

was performed as previously described (237), using the Bio-Rad iQ5 qPCR machine with the iQTM 

SYBR Green Supermix (Bio-Rad, Hercules, CA).  Fold changes were calculated after normalizing 

target gene expression to eef1a1l1 using the ΔΔ-Ct method.  At least three independent 

experiments were performed.  The zebrafish-specific primers used for qPCR are listed in Table 2. 
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Table 2: Sequence of Real Time PCR primers used in the study in zebrafish. 

Gene Forward Primer Reverse Primer 
brd4 5’-GGCCCCTTCTTCCTTCAACC-3’ 5’-TGTAGAATGCGCTCTCTAGGC-3’ 
ccnd1 5’-GGAACTGCTGGCGCTTAAATA-3’ 5’-GACTTGCGAGAGGAAGTTGG-3’ 
pcna 5’-ATCTGGATGTGGAGCAGCTT-3’ 5’-TGTGACCGTCTTGGACAGAG-3’ 
myca 5’-TATTGTTAACCCGCCCCCAC-3’ 5’-ATGCATTCACCAGCAGTCCA-3’ 
axin2 5’-GGCTACAGGTCCTACAGAC-3’ 5’-GCTTGTAAGGAGGAATGGC-3’ 
eef1α1l1 5’-CTGGAGGCCAGCTCAAACAT-3’ 5’-

ATCAAGAAGAGTAGTACCGCTAGC
ATTAC-3’ 

2.3.9  Statistical Analyses 

Statistical analysis was performed with GraphPad Prism software (version 7). For analyses 

concerning only two groups, a two-tailed Student’s t-test was performed, with p < 0.05 considered 

significant. For analyses concerning more than two groups, a one-way ANOVA test was 

performed, with p < 0.05 considered significant. For survival curves, a Gehan-Breslow-Wilcoxon 

test was performed, with p < 0.05 considered significant. 

2.4 Results 

2.4.1  JQ1 Administration 16 Hours Post-Partial Hepatectomy Impairs Cyclin D1 

Expression and Hepatocyte Proliferation at 40 Hours. 

To determine if JQ1 would have an impact on hepatocyte proliferation-driven liver 

regeneration, we utilized the mouse partial hepatectomy (PHx) model, a common model of liver 

regeneration where two-thirds of the liver is surgically removed and remaining hepatocytes 

proliferate to restore lost liver mass (81). In order to allow time for mice to recovery from the 
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surgery prior to injection, we administered a single injection of JQ1 at 16 hours post-PHx. We 

harvested mice within the 40 – 45 hours post-PHx window, which is the peak of DNA synthesis 

in mouse hepatocytes after PHx (238, 239) (Fig. 8A). JQ1-injected mice at 40 hours post-PHx 

displayed significantly elevated levels of serum liver injury marker aspartate aminotransferase 

(AST) compared to control mice injected with the vehicle solution (10% hydroxypropyl β-

cyclodextrin in distilled water) (Fig. 8B). When hepatocyte proliferation was assessed by 

immunohistochemistry (IHC) for proliferating cell nuclear antigen (PCNA) (240), there were 

many PCNA-positive hepatocytes in vehicle-injected animals, whereas JQ1-injected animals had 

very few PCNA-positive hepatocytes (Fig. 8C). Cyclin D1, which is involved in promoting the 

G1/S phase transition in the cell cycle, is known to be highly upregulated in order to drive 

hepatocyte proliferation after PHx in mice (241, 242). We detected robust hepatocyte expression 

of Cyclin D1 in vehicle-injected mice post-PHx, while JQ1-injected mice displayed a marked 

reduction in Cyclin D1 staining (Fig. 8C). Cyclin D1 was also dramatically reduced at both the 

gene expression (Fig. 8D) and protein levels (Fig. 8E) in JQ1-injected animals. 
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Figure 8: Injection of JQ1 16 hours post-PHx impairs liver regeneration. 

(a) Schematic for experimental plan for injection of JQ1 (50 mg/kg) or vehicle solution 16 hours 
post-PHx, followed by harvest at 40-45 hours post-PHx. (b) Serum AST levels are significantly 
elevated in JQ1-injected mice compared to vehicle-injected controls 40 hours post-PHx (t-test, * 
= p < 0.05). (c) IHC for PCNA and Cyclin D1 reveals significantly reduced hepatocyte 
proliferation and Cyclin D1 expression in JQ1-injected mice (scale bar 50 µm, PV = portal vein, 
CV = central vein). (d) Significantly reduced Ccnd1 gene expression in JQ1-injected mice (t-test, 
* = p < 0.05). (e) No reduction in total β-catenin levels but a significant reduction in Cyclin D1 
protein levels are evident in JQ1-injected mice. (f) Significant reduction in Rgn gene expression in 
JQ1-injected mice (t-test, * = p < 0.05). (g) Significant reduction in Axin2 gene expression in JQ1-
injected mice (t-test, ** = p < 0.01). (h) Significant reduction in Lect2 gene expression in JQ1-
injected mice (t-test, ** = p < 0.01). Error bars are mean + SD. 
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2.4.2  JQ1 Administration 16 hours Post-Partial Hepatectomy Impairs Expression of 

Additional Wnt Target Genes in Addition to Cyclin D1. 

Cyclin D1 is a known target of the Wnt/β-catenin signaling pathway (243, 244), and mice 

with liver-specific deletion of β-catenin display dramatically reduced Cyclin D1 levels and a delay 

in liver regeneration post-PHx (229). Therefore, we hypothesized JQ1 may be inhibiting Wnt/β-

catenin signaling in post-PHx mice. Indeed, in JQ1-injected mice there were significant decreases 

in gene expression of β-catenin targets regucalcin (Rgn) (245) (Fig. 8F), Axin2 (72) (Fig. 8G), and 

leukocyte cell-derived chemotaxin 2 (Lect2) (246) (Fig. 8H) compared to vehicle-injected controls 

at 40 hours post-PHx. However, there was no reduction in total protein levels of β-catenin in JQ1-

injected mice (Fig. 8E), suggesting JQ1 is inhibiting transcription of β-catenin target genes rather 

than directly inhibiting expression of β-catenin. 

2.4.3  An Earlier Administration of JQ1 at 2 Hours After Partial Hepatectomy Completely 

Prevents Cyclin D1 Expression and Hepatocyte Proliferation Leading to 

Enhanced Injury and Mortality at 40 Hours. 

Previous reports have shown that Cyclin D1 can be induced as early as 12 hours post-PHx 

in mice (247, 248), so we decided to administer JQ1 at 2 hours post-PHx (Fig. 9A) rather than 16 

hours post-PHx to investigate if this would completely abrogate any increases in Cyclin D1. We 

again chose to harvest tissue at the peak of hepatocyte proliferation (40-45 hours post-PHx). As a 

control, we injected mice with either JQ1 or the vehicle solution 2 hours after a sham surgery and 

harvested at 40 hours post-surgery to assess the effects on JQ1 on a non-injured liver. Injection of 

JQ1 had no effect on the gross appearance of sham animal livers (Fig. 9B). However, JQ1  
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Figure 9: Injection of JQ1 2 hour post-PHx impairs liver regeneration. 

(a) Schematic for experimental design of injecting JQ1 (50mg/kg) or vehicle solution 2 hour post-
PHx and harvesting at 40-45 hours post-PHx. (b) No effect on the gross morphology of livers from 
JQ1-injected sham surgery animals. (c) Striking discoloration of the livers of JQ1-injected animals 
40 hours post-PHx. (d) Reduced survival of animals injected with JQ1 2 hours post-PHx (Gehan-
Breslow-Wilcoxon test, * = p < 0.05, Vehicle n = 12, JQ1 n = 17). (e) No increase in serum AST 
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in JQ1-injected sham animals, but a significant increase in serum AST in JQ1-injected PHx 
animals compared to vehicle-injected PHx mice (one-way ANOVA, ** = p < 0.01). (f) IHC 
staining for PCNA and Cyclin D1 reveals robust staining in vehicle-injected controls, but virtually 
no staining in JQ1-injected mice 40 hours post-PHx (scale bar 50 µm, PV = portal vein, CV = 
central vein). (g) Dramatic upregulation of Ccnd1 gene expression in vehicle-injected animals 
post-PHx, but no upregulation in JQ1-injected animals (one-way ANOVA, **** = p < 0.0001). 
(h) No change in Brd4 expression after either PHx or JQ1 injection. (i) Reduced Cyclin D1 protein 
in JQ1 injected animals compared to vehicle-injected controls, but no reduction in total β-catenin 
protein levels. Error bars are mean + SD. 
 
 
injection 2 hours post-PHx resulted in severe liver injury, with the livers from JQ1-injected animals 

40 hours post-PHx exhibiting striking discoloration (Fig. 9C). Animals injected with JQ1 2 hours 

post-PHx had significantly reduced survival compared to vehicle-injected controls, with 30% of 

mice exhibiting notable morbidity requiring euthanasia at or before 45 hours post-PHx (Fig. 9D). 

Although there was no increase in serum AST in JQ1-injected animals that underwent sham 

surgery, JQ1-injected PHx mice displayed significantly elevated serum AST levels compared to 

vehicle-injected PHx animals (Fig. 9E). While in vehicle-injected animals there was robust 

hepatocyte expression of PCNA and Cyclin D1, in mice injected with JQ1 2 hours post-PHx there 

were almost no PCNA-positive hepatocytes in addition to extremely little Cyclin D1 staining (Fig. 

9F). In accordance with these results, Ccnd1 gene expression was significantly upregulated in 

vehicle-injected PHx mice compared to sham controls, but this upregulation was completely absent 

in mice injected with JQ1 2 hours post-PHx (Fig. 9G). Additionally, levels of Cyclin D1 protein 

were dramatically lower in JQ1-injected mice compared to vehicle-injected controls after PHx, 

while levels of β-catenin were not reduced (Fig. 9I). Expression of Brd4 was not significantly 

altered in JQ1-injected mice (Fig. 9H), demonstrating that JQ1 does not induce compensatory 

upregulation of Brd4.  

Another factor known to play a critical role in promoting cell cycle progression is the E2f2 

transcription factor, which has been shown to be required for hepatocyte proliferation after PHx  
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Figure 10: E2f2-driven transcription is inhibited in JQ1-injected animals after PHx. 

(a) Expression of E2f2 is significantly reduced in JQ1-injected mice after PHx (one-way ANOVA, 
* = p < 0.05). (b) Expression of Cdc6 is induced in vehicle-injected but not JQ1-injected mice after 
PHx (one-way ANOVA, ** = p < 0.01, *** = p < 0.001). (c) Expression of p21 is further increased 
in JQ1-injected mice after PHx. (d) Expression of Mcm3 is induced in vehicle-injected but not 
JQ1-injected mice after PHx (one-way ANOVA, * = p < 0.05). (e) Expression of Mcm5 is induced 
in vehicle-injected but not JQ1-injected mice after PHx (one-way ANOVA, ** = p < 0.01). (f) 
Expression of Ccne1 is induced in vehicle-injected but not JQ1-injected mice after PHx (one-way 
ANOVA, ** = p < 0.01). Error bars are mean + SD. 
 
 
(249). Additionally, E2F2 has been shown to be a direct target of JQ1-mediated BRD4 inhibition 

in human liver cancer cells (250). Therefore, we investigated if E2f2 signaling was inhibited in 

our JQ1-injected mice after PHx. Although there was no increase in E2f2 expression in vehicle-

injected mice after PHx compared to sham controls, we observed a decrease in E2f2 expression in 

JQ1-injected animals after PHx (Fig. 10A). We next assessed expression of E2f2 target genes 

known to be involved in cell cycle progression. Expression of E2f2 targets Cdc6 and Mcm3, which 
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are induced in late G1 phase (251), were dramatically induced in vehicle-injected mice after PHx, 

and this increase was blocked in JQ1-injected animals (Fig. 10B and D). Disruption of E2f2 

signaling can lead to the induction of p21 (251), and indeed there was an increase in p21 expression 

in JQ1-injected mice after PHx compared to vehicle-injected controls (Fig. 10C). Additional E2f2 

targets mcm5 and ccne1 (249, 251) were induced in vehicle-injected animals after PHx, but this 

induction was blocked in JQ1-injected animals (Fig. 10E and F). Interestingly, expression of E2f2 

targets genes was largely unaffected in JQ1-injected mice which underwent sham surgery (Fig. 

10). Thus our data indicates that JQ1, in addition to inhibiting β-catenin target gene expression, is 

inhibiting expression of E2f2-driven target genes after PHx, resulting in cell cycle arrest. 

Collectively, these results show that injection of JQ1 2 hours post-PHx nearly completely 

abrogates hepatocyte proliferation and liver regeneration, but JQ1 injection is well tolerated in 

animals in the absence of liver injury. 

2.4.4  Earlier JQ1 Administration after Hepatectomy Impairs Expression of Additional 

Wnt Target Genes, Which was Validated In Vitro. 

We wanted to confirm that the hepatic expression of β-catenin target genes that were 

downregulated in animals injected with JQ1 16 hours post-PHx were also downregulated in the 

mice injected with JQ1 2 hours post-PHx. Expression of Rgn was significantly reduced in JQ1-

injected PHx animals compared to both JQ1-injected sham and vehicle-injected PHx mice (Fig. 

11A). Similarly, gene expression of Lect2 was significantly reduced in JQ1-injected PHx mice 

reduced compared to both JQ1-injected sham and vehicle-injected PHx animals (Fig. 11B). 

Expression of Axin2 tended to be lower in JQ1-injected PHx mice compared to vehicle-injected 

PHx animals (Fig. 11C). There was no significant change in Ctnnb1 gene expression in mice  
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Figure 11: β-catenin-driven transcription is sensitive to JQ1 inhibition. 

(a) Rgn gene expression in significantly reduced in JQ1-injected mice compared to vehicle-
injected controls post-PHx (one-way ANOVA, ** = p < 0.01, *** = p < 0.001). (b) Lect2 gene 
expression is significantly reduced in JQ1-injected mice post-PHx (one-way ANOVA, * = p < 
0.05, **** = p < 0.0001). (c) Expression of Axin2 tended to be lower in JQ1-injected mice post-
PHx. (d) No change in the gene expression of Ctnnb1 was observed in JQ1-injected mice. (e) 
HepG2 cells transfected with a TCF/LEF luciferase reporter and treated with JQ1 for 24 hours 
showed a dose-dependent decrease in reporter activity after JQ1 treatment. Data is the pooled 
results of three independent experiments (one-way ANOVA, *** = p < 0.001, **** = p < 0.0001). 
(f) HepG2 cells transfected with a p65 luciferase reporter and treated with JQ1 for 24 hours showed 
a reduction of reporter activity after 1 µm JQ1 treatment. Data is pooled results of three 
independent experiments (one-way ANOVA, * = p < 0.05). Error bars are mean + SD. 
 

injected with JQ1 2 hours post-PHx compared to mice injected with the vehicle solution (Fig. 

11D).  

To determine if JQ1 could directly inhibit β-catenin-driven transcriptional activity, we 

transfected HepG2 cells, which has constitutively active β-catenin owing to a deletion affecting 
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exon-3 of the CTNNB1 gene, with a TopFlash luciferase reporter. JQ1 was able to, in a dose-

dependent manner, significantly inhibit β-catenin-TCF/LEF reporter activity (Fig. 11E). To 

determine if β-catenin-driven transcriptional activity is especially sensitive to inhibition by JQ1 

treatment, we tested the effect of JQ1 on the NFκB signaling pathway, another pathway implicated 

in liver regeneration after PHx due to the observed activation of the NFκB subunit p65/RelA within 

30 minutes of PHx in mice and rats (252, 253). When HepG2 cells transfected with a p65 luciferase 

reporter were treated with JQ1, at the highest concentration of JQ1 there was only a 50% reduction 

in reporter activity (Fig. 11F), compared to up to a 90% reduction in β-catenin-TCF/LEF reporter 

activity. These results suggest β-catenin-driven transcriptional activity is particularly sensitive to 

inhibition by JQ1. 

To determine if the JQ1-mediated reduction in β-catenin-TCF/LEF reporter activity was 

specifically due to inhibition of BRD4 activity, we treated two liver tumor cell lines, HepG2 and 

Hep3B, with BRD4 siRNA and subsequently measured TCF/LEF reporter activity. We first 

validated that we achieved robust knockdown of BRD4 expression in our siRNA-treated cells (Fig. 

12A). Interestingly, HepG2 cells treated with BRD4 siRNA showed no reduction in TCF/LEF 

reporter activity (Fig. 12B). As HepG2 cells have constitutively-active mutant β-catenin, we 

speculated that reduction in BRD4 expression levels may not be sufficient to reduce signaling 

driven by mutant β-catenin protein. Therefore, we treated Hep3B cells, a hepatocellular carcinoma 

cell line with wild-type β-catenin, with BRD4 siRNA. In Hep3B cells we saw a modest but 

significant reduction in TCF/LEF reporter activity (Fig. 12C), which was roughly on-par with the 

reduction of TCF/LEF reporter activity seen in HepG2 cells with low-dose JQ1 treatment (Fig. 

11E). As JQ1 is known to inhibit the bromodomains of BET proteins (11), and the BET family 

proteins share conserved bromodomains (2), we assessed the expression levels of BRD2 and  
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Figure 12: BRD4 siRNA reduces TCF/LEF transcriptional activity in Hep3B cells. 

(a) BRD4 siRNA treatment dramatically reduces BRD4 expression in both HepG2 and Hep3B 
cells (two-way ANOVA, **** = p < 0.0001). (b) No reduction in TCF/LEF reporter activity in 
HepG2 cells treated with BRD4 siRNA. Data is pooled results of five independent experiments. 
(c) Significant reduction in TCF/LEF reporter activity in Hep3B cells treated with BRD4 siRNA. 
Data is pooled from four independent experiments (t-test, * = p < 0.05). (d) No change in 
expression of BRD2 in cells treated with BRD4 siRNA. (e) Slight reduction in the expression of 
BRD3 in cells treated with BRD4 siRNA (two-way ANOVA, ** = p < 0.01). 

 

BRD3 in our liver cancer cells to determine if there was compensatory upregulation of other 

members of the BET protein family upon BRD4 knockdown. The expression of BRD2 was 

unchanged by BRD4 siRNA treatment (Fig. 12D), while the expression level of BRD3 was slightly 

reduced in both HeG2 and Hep3B cells (Fig. 12E). It is possible that BRD2 and BRD3 would able 

to partially compensate for BRD4 transcriptional activity, while all BET proteins would be 

inhibited by high-dose JQ1 treatment, offering a potential explanation for the relatively minor 

effects of BRD4 siRNA on TCF/LEF reporter activity. Overall, our data suggest that JQ1-

inhibition of BRD4 is at least partially responsible for the reduction in β-catenin-driven 

transcriptional activity in a wild-type β-catenin setting. 
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2.4.5  A Single Early Dose of JQ1 2 Hours Post-Hepatectomy is Insufficient to Have an 

Impact on Cyclin D1 Expression and Hepatocyte Proliferation at 72 Hours 

Post-Hepatectomy. 

To determine the extent to which a single dose of JQ1 can block liver regeneration, we 

injected mice with JQ1 or the vehicle solution 2 hours post-PHx and assessed the level of liver 

regeneration at 72 hours post-PHx (Fig. 13A). The 70% of JQ1-injected animals that survived to 

72 hours post-PHx showed serum liver injury marker AST levels that were comparable with 

vehicle-injected animals (Fig. 13B). Robust proliferation of hepatocytes was evident via PCNA 

IHC in both vehicle and JQ1-injected mice (Fig. 13C). There was also appearance of Cyclin D1 

staining in the hepatocytes of JQ1-injected mice at this time point (Fig. 13C), which was 

accompanied by an upregulation of Ccnd1 gene expression in the JQ1-injected mice (Fig. 13D). 

Most likely this induction of liver regeneration coincides with the clearance of JQ1 from the mice, 

as our previous work demonstrated that liver regeneration in zebrafish resumed after washout of 

JQ1 (227). 
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Figure 13: Induction of liver regeneration in JQ1-injected animals 72 hours post-PHx. 

(a) Schematic of experimental design, with a 50 mg/kg JQ1 injection (or vehicle injection) 2 hours 
post-PHx and harvest at 72 hours post-PHx. (b) Serum AST levels are normalizing in both JQ1 
and vehicle-injected mice 72 hours post-PHx. (c) PCNA staining reveals robust hepatocyte 
proliferation in both vehicle and JQ1-injected mice 72 hours post-PHx, and Cyclin D1 staining is 
present in hepatocytes in both vehicle and JQ1-injected animals 72 hours post-PHx (scale bar 50 
µm). (d) Upregulation of Ccnd1 gene expression is present in both vehicle and JQ1-injected 
animals 72 hours post-PHx (one-way ANOVA, * = p < 0.05). Error bars are mean + SD. 
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2.4.6  BET Protein Inhibition also Impairs Hepatocyte Proliferation and Liver Size in a 

Zebrafish Model of Hepatic Injury and Hepatocyte-Mediated Regeneration. 

To further validate the effect of BET protein inhibition on hepatocyte-driven liver 

regeneration, we next used a zebrafish model in which N-acetyl-p-aminophenol (APAP) overdose 

induces liver damage and subsequent regeneration (254, 255).  The APAP overdose model has 

been widely used in rodents (256) and zebrafish (254, 255, 257), because it mimics human APAP-

induced acute liver failure (ALF), the most common cause of ALF in the United States (256, 258). 

As previously reported (254, 255), treating zebrafish larvae with APAP greatly reduced liver size 

and following APAP washout liver size gradually recovered (Fig. 14A and B). We first determined 

whether hepatocytes solely or together with BECs contribute to regenerating hepatocytes in the 

APAP-induced injury model. As a positive control for BEC contribution to regenerating 

hepatocytes, we used our previous model of BEC-driven liver regeneration (232), in which 

Tg(fabp10a:CFP-NTR) zebrafish, which express nitroreductase (NTR) fused with cyan 

fluorescent protein (CFP) specifically in hepatocytes via the hepatocyte-specific fabp10a promotor 

(Fig. 14C). NTR metabolizes the prodrug metronidazole (Mtz) into a cytotoxic compound, 

resulting in the ablation of NTR-expressing cells. Thus treating Tg(fabp10a:CFP-NTR) larvae with 

Mtz induces hepatocyte-specific cell death.  In this model, near-complete ablation of hepatocytes 

induces the dedifferentiation of BECs into LPCs, which subsequently differentiate into either 

hepatocytes or BECs (232).  Given the BEC-restricted Notch activity in the zebrafish liver (259), 

in order to mark BECs, we used a Notch reporter line, Tg(Tp1:H2B-mCherry), which expresses 

H2B-mCherry fusion proteins under the promoter containing the Notch-responsive element (233).  

Due to the prolonged stability of H2B-mCherry proteins, this line also reveals BEC-derived cells 

even after Notch signaling is turned off. In Mtz-treated larvae after 24 hours of recovery (R24h),  
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Figure 14: BET inhibition impairs hepatocyte-driven liver regeneration in zebrafish. 

(a) Scheme illustrating the periods of APAP treatment (I, injury) and liver regeneration (R). An 
arrow indicates analysis stage. (b) Epifluorescence images showing fabp10a:CFP expression in 
the untreated larvae or larvae treated with APAP. (c) Scheme illustrating the periods of APAP or 
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Mtz treatment and liver regeneration. (d) Confocal images showing the expression of Alcam 
(green), Tp1:H2B-mCherry (red), and fabp10a:CFP-NTR (grey) in regenerating livers at R24h.  
Arrows point to BEC-derived hepatocytes, which weakly express Tp1:H2B-mCherry.   (e) Scheme 
illustrating the periods of APAP and BET inhibitor treatments.  Arrows indicate analysis stages.  
(f) Epifluorescence images showing fabp10a:CFP expression in the regenerating larvae treated 
with two different BET inhibitors, iBET151 and JQ1.  Arrows point to the liver.  (g) Quantification 
of fabp10a:CFP expression in the regenerating larvae treated with DMSO or BET inhibitors, as 
shown in (d) (one-way ANOVA, * = p < 0.05, ** = p < 0.01, *** = p < 0.001).  Error bars: ± SEM; 
scale bars: 100 µm. 
 

all hepatocytes weakly expressed Tp1:H2B-mCherry (Fig. 14D, arrows) but not mature BEC 

marker Alcam as previously reported (232), indicating hepatocytes with BEC origin.  However, in 

APAP-treated larvae at R24h no hepatocytes expressed Tp1:H2B-mCherry (Fig. 14D), revealing 

that liver regeneration in the zebrafish APAP-induced injury model is hepatocyte- but not BEC-

driven. To inhibit BET proteins, we used two different BET inhibitors, JQ1 (11) and iBET151 

(13), which both block BET proteins by specifically binding to acetyl-recognizing BET pockets. 

Treatment with JQ1 or iBET151 immediately following 36-hour APAP treatment (R0h) 

significantly reduced liver size after 24 or 48 hours of recovery (R24h and R48h, respectively), as 

assessed by hepatocyte-specific fabp10a:CFP expression (Fig. 14E-G), supporting the positive 

role of BET proteins in hepatocyte-driven liver regeneration.   

Given the reduced liver size in BET-inhibited larvae (Fig. 14G) and the role of BET 

proteins in proliferation (227), we examined hepatocyte proliferation using the 

Tg(fabp10a:mAGFP-gmnn) line that expresses geminin fused with monomeric Azami green 

fluorescent proteins in hepatocytes (227). As geminin is degraded in G0 and G1 phases (260), this 

line reveals proliferating hepatocyte in S/G2/M phases (227). Hepatocyte proliferation was greatly 

increased in APAP-treated larvae compared with control larvae at 5 days post-fertilization (dpf) 

(Fig. 15B and C). JQ1 treatment significantly reduced the hepatocyte proliferation induced by 

APAP overdose (Fig. 15B and C), suggesting the crucial role of BET proteins in hepatocyte  
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Figure 15: BET inhibition reduces hepatocyte proliferation in the zebrafish APAP-induced injury model.   

(a) Scheme illustrating the periods of APAP and JQ1 treatments and analysis stages (arrows).  (b) 
Confocal images showing the hepatic expression of fabp10a:CFP (grey, hepatocytes), Tp1:H2B-
mCherry (red, BECs) and fabp10a:mAGFP-gmnn (green, proliferating hepatocytes).  (c) 
Quantification of the number of mAGFP-gmnn+ cells, as shown in (B) (one-way ANOVA, ** = p 
< 0.01, **** = p < 0.0001).  (d-h) qPCR data showing the relative expression levels of ccnd1, 
pcna, myca, brd4 and axin2 among uninjured control livers at 5 dpf and DMSO- and JQ1-treated 
regenerating livers at R12h (one-way ANOVA, * = p<0.05).  Error bars, ± SEM; scale bar, 100 
μm. 
 

proliferation during regeneration. This proliferation phenotype was further supported by the 

reduced expression of ccnd1 (Fig. 15D), consistent with our mouse data (Fig. 8D). However, other 

proliferation-related genes, such as pcna and myca, were not significantly reduced in JQ1-treated 

livers (Fig. 15E and F). brd4 expression was significantly upregulated in APAP-treated livers 

compared with untreated control livers (Fig. 15G), as observed in a zebrafish BEC-driven liver 

regeneration model (227). Additionally, similar to the mouse PHx model (Fig. 8G), expression of 

Wnt/β-catenin signaling target axin2 tended to be lower in JQ1-treated larvae after APAP overdose 
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(Fig. 15H). Altogether, these zebrafish data together with our mouse data strongly support the 

observation that BET proteins regulate hepatocyte-driven liver regeneration. 

2.4.7  BET Inhibition Represses Wnt/β-catenin Signaling in APAP-Treated Zebrafish 

Livers.   

 

Figure 16: BET inhibition reduces Wnt/β-catenin signaling in the zebrafish APAP-induced injury model. 

(a) Scheme illustrating the periods of APAP and JQ1 treatments and analysis stage (arrow). (b) 
Confocal images showing the hepatic expression of OTM:d2EGFP (green, Tcf/Lef reporter 
activity) in regenerating larvae at R12h. Dotted white line outlines the liver. (c) Quantification of 
OTM:d2EGFP expression in the regenerating larvae treated with DMSO or JQ1, as shown in (b) 
(t-test, * = p < 0.05).  Error bars, ± SEM; scale bar, 100 μm. 
 
 

Given the crucial role of Wnt/β-catenin signaling in liver regeneration induced by APAP 

overdose (87, 254) and the reduced expression of Wnt target genes ccnd1 and axin2 in JQ1-treated 

regenerating zebrafish livers (Fig. 15D and H), we hypothesized that BET inhibition could 

suppress Wnt/β-catenin signaling in livers injured by APAP treatment. To test this hypothesis, we 

used a Wnt reporter zebrafish line, Tg(OTM:d2EGFP), which expresses destabilized GFP under a 

promoter containing six copies of Tcf/Lef binding site (234), meaning that the level of GFP 

expression is driven by β-catenin signaling.  GFP expression was significantly reduced in JQ1-
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treated regenerating livers compared with DMSO-treated control livers (Fig. 16A-C).  These 

zebrafish data together with the in vitro data (Fig. 11 and 12) suggest that BET proteins regulate 

hepatocyte-driven liver regeneration by regulating Wnt/β-catenin signaling in addition to other 

signaling pathways. 

2.5 Discussion 

BET protein inhibitors, such as JQ1, have been proposed for use in the treatment of a 

variety of conditions due to their ability to inhibit oncogenic gene expression (8, 12, 224), reduce 

inflammation (261, 262), and protect against liver fibrosis (16). Adding to their therapeutic 

potential, effective anti-neoplastic doses of JQ1 are well tolerated in animals despite the 

widespread activity of Brd4 in nearly every tissue type (8, 11, 12). JQ1 has also been shown to be 

effective in reducing cell growth in a tumor xenograft HCC model (226), which may suggest BET 

protein inhibitors to be a potential treatment for liver cancer. However, BET proteins also play a 

role in biliary-driven liver regeneration (227). In the current study, we show that JQ1-mediated 

inhibition of BET proteins significantly blocks hepatocyte proliferation in two independent models 

of hepatocyte-driven liver regeneration. Since the majority of HCC cases occur in the patients with 

chronic liver diseases which in turn are characterized by ongoing regeneration, inadvertent 

suppression of regeneration during HCC treatment may adversely affect hepatic function. Hence, 

our findings suggest the use of BET proteins in the treatment of liver pathologies must be carefully 

considered, as BET protein inhibitors are liable to inhibit the regeneration of normal liver tissue.  

Two-thirds partial hepatectomy in rodents is widely used to study the mechanisms of 

hepatocyte proliferation during liver regeneration (81) and is a useful model for the study of 
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temporal changes in gene expression during liver regeneration. In our study, we used either early 

(2 hours post-PHx) or late (16 hours post-PHx) injections of JQ1 to study the effects of BET 

protein inhibition on hepatocyte proliferation. In both instances, injection of JQ1 resulted in a near 

total block of hepatocyte proliferation with significant reduction in expression of cell cycle-

regulator Cyclin D1, suggesting that transcriptional activation of pro-regeneration genes occurs 

even many hours after the initial injury. We additionally observed impaired induction of E2f2 

downstream targets involved in cell cycle progression, further demonstrating the complete block 

of hepatocyte proliferation in JQ1-injected mice after PHx.  

Our second model to study the role of BET proteins in hepatocyte proliferation was APAP 

overdose, as APAP-induced ALF is the most common cause of ALF in the United States (256, 

258). We performed APAP overdose experiments in zebrafish, as their large clutch sizes, growth 

in water, optical transparency, and fully developed livers by 5 dpf (263) make them ideal for drug 

treatment studies. Consistent with our results from our mouse PHx study, we found that JQ1-

treated zebrafish larvae displayed significant reductions in hepatocyte proliferation and Cyclin D1 

expression during recovery from APAP overdose. Interestingly, in comparison to our mouse PHx 

model, we detected a large increase in brd4 expression in zebrafish larvae during recovery from 

APAP overdose. This finding suggests BET proteins are important regulators of liver regeneration 

in this model, although there are presently very few studies on the role of BET proteins in liver 

regeneration after acetaminophen injury. Thus, our work presents an opportunity to study signaling 

pathways under the control of BET proteins during liver regeneration. 

A signaling pathway well-known to be active in promoting liver regeneration (68, 87, 229) 

in addition to being an oncogenic driver in subsets of liver cancer (264-267) is the Wnt/β-catenin 

signaling pathway. Our results demonstrate that Wnt/β-catenin signaling targets, such as Cyclin 
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D1, are significantly reduced in JQ1-treated animals after liver injury. In this respect, mice injected 

with JQ1 post-PHx are reminiscent of liver-specific β-catenin knockout animals subjected to 

partial hepatectomy, which show an early lag in hepatocyte proliferation in conjunction with 

reduced Cyclin D1 levels (229). Furthermore, activation of Wnt/β-catenin signaling is thought to 

promote liver regeneration after APAP-induced liver injury (87, 254), and our zebrafish results 

demonstrate that JQ1 is a potent inhibitor of hepatocyte proliferation and Wnt/β-catenin signaling 

after APAP overdose. Additionally, our in vitro experiments revealed that Wnt/β-catenin signaling 

was sensitive to inhibition by JQ1. Our in vitro data showed that knockdown of BRD4 in Hep3B 

cells with wild-type β-catenin leads to a reduction in TCF/LEF reporter activity, suggesting the 

ability of JQ1 to impair β-catenin signaling is mediated at least partially through inhibition of 

BRD4. However, treatment of HepG2 cells with high doses of JQ1 led to a robust decrease in 

TCF/LEF reporter activity, suggesting that other BET proteins such as BRD2 and BRD3 may also 

play a role in regulating β-catenin signaling, although this hypothesis remains to be tested. 

Together, these data suggest JQ1 as a potent inhibitor of Wnt/β-catenin signaling. However, these 

results must be considered in a cell type-specific context, as JQ1 had minimal effect on β-

catenin/TCF-mediated transcription in colorectal cancer cells (268). This raises the interesting 

question of whether JQ1 would be especially effective in treating liver cancer with activating β-

catenin mutations, as these cancers have been shown to be sensitive to inhibition of β-catenin 

(267). Although we have demonstrated that JQ1 is capable of inhibiting normal liver regeneration, 

with careful dose titration BET inhibitors may be capable of inhibiting oncogenic Wnt signaling 

without impinging signaling pathways required for normal hepatic function. As tumors tend to be 

addicted to several oncogenic signaling pathways, such as Met and Wnt/β-catenin signaling, while 

normal liver regeneration occurs through many redundant signaling mechanisms, low doses of 
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BET inhibitors may be able to selectively inhibit oncogenic Wnt/β-catenin signaling while sparing 

compensatory regeneration mechanisms in normal liver. 

The sensitivity of Wnt/β-catenin signaling to JQ1 may be due in part to proficiency of BET 

inhibitors to reduce BRD4 enhancer occupancy at super enhancers (8), or large enhancers with 

multiple TF binding sites, high levels of Mediator occupancy, and high levels of associated gene 

expression (269-271). Interestingly, super enhancers in colorectal cancer were found to be 

occupied by TCF4 and thus were sensitive to perturbation of oncogenic Wnt signaling (272), and 

TF targets of Wnt signaling were found to be enriched for super enhancers in embryonic stem cells 

(271). Additionally, Cyclin D1 was found to be regulated by a super enhancer in a model of Ewing 

sarcoma (273). These data suggest that super enhancers under the control of the Wnt/β-catenin 

signaling pathway may regulate the expression of genes activated during hepatocyte-driven liver 

regeneration, such as Cyclin D1, although this hypothesis remains to be tested. Very little is known 

about the role of super enhancer-driven gene expression during liver regeneration, and our model 

of JQ1 treatment post-PHx may provide a useful platform for the identification of these important 

signaling mechanisms. 

In conclusion, our work has identified the key role of BET proteins in multiple models of 

hepatocyte-driven liver regeneration. Additionally, we have identified the Wnt/β-catenin signaling 

pathway, a known important driver of liver regeneration (68, 229), to be sensitive to JQ1-mediated 

BET protein inhibition resulting in an abrogation of hepatocyte proliferation. Although more work 

remains to be done to identify the mechanism behind JQ1-mediated inhibition of Wnt/β-catenin 

signaling, our work has important implications for the clinical use of BET inhibitors. As these 

drugs are herein demonstrated to be potent inhibitors of normal liver regeneration, their potential 
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use to treat liver pathologies must be carefully considered, as patients may become more 

susceptible to liver failure under a regimen of BET protein inhibitors.  
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3.0 Hepatocyte-Specific β-Catenin Deletion during Severe Liver Injury Provokes 

Cholangiocytes to Differentiate into Hepatocytes 

In this section, we describe how mice with hepatocyte-specific deletion of β-catenin 

exposed to choline deficient, ethionine-supplemented diet-induced liver injury develop severe 

liver injury with an impairment of hepatocyte proliferation. We further describe how in the β-

catenin knockout mice BECs transdifferentiate into hepatocytes to mediate liver regeneration using 

both negative and positive lineage tracing models. The work in this section was published in 

Hepatology, PMID 30215850 (188). As first author, the publisher John Wiley & Sons has granted 

full permission to reuse the manuscript in this dissertation. 

3.1 Paper Summary 

Liver regeneration after injury is normally mediated by proliferation of hepatocytes, 

although recent studies have suggested biliary epithelial cells (BECs) can differentiate into 

hepatocytes during severe liver injury when hepatocyte proliferation is impaired. We investigated 

the effect of hepatocyte-specific β-catenin deletion in recovery from severe liver injury and BEC-

to-hepatocyte differentiation. To induce liver injury, we administered choline-deficient, ethionine-

supplemented (CDE) diet to three different mouse models, the first being mice with deletion of β-

catenin in both BECs and hepatocytes (Albumin-Cre; Ctnnb1flox/flox mice). In our second model, 

we performed hepatocyte lineage tracing by injecting Ctnnb1flox/flox; Rosa-stopflox/flox-EYFP mice 

with the adeno-associated virus serotype 8 encoding Cre recombinase under the control of the 
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thyroid binding globulin promoter (AAV8-TBG-Cre), a virus which infects only hepatocytes. 

Finally, we performed BEC lineage tracing via Krt19-CreERT; Rosa-stopflox/flox-tdTomato mice. To 

observe BEC-to-hepatocyte differentiation, mice were allowed to recover on normal diet following 

CDE diet-induced liver injury. Livers were collected from all mice and analyzed by quantitative 

real-time polymerase chain reaction, western blotting, immunohistochemistry, and 

immunofluorescence. We show that mice with lack of β-catenin in hepatocytes placed on the CDE 

diet develop severe liver injury with impaired hepatocyte proliferation, creating a stimulus for 

BECs to differentiate into hepatocytes. In particular, we use both hepatocyte and BEC lineage 

tracing to show that BECs differentiate into hepatocytes, which go on to repopulate the liver during 

long-term recovery. Conclusion: β-catenin is important for liver regeneration after CDE diet-

induced liver injury, and BEC-derived hepatocytes can permanently incorporate into the liver 

parenchyma to mediate liver regeneration. 

3.2 Background 

Despite the liver’s capacity for regeneration, chronic liver disease and cirrhosis is the 12th 

leading cause of death in the United States (219). This significant morbidity is attributable to lack 

of treatments for advanced liver disease besides liver transplantation, for which there is a severe 

shortage of donor organs (274). Often, hepatocytes and biliary epithelial cells (BECs) can replicate 

to replenish their respective cell types and eventually restore hepatic mass following injury. 

However, livers of patients with chronic liver disease exhibit ductular reaction (116, 275, 276), 

with the degree of BEC expansion correlating with disease severity (115, 277). The role of ductular 

reaction in liver regeneration (LR) remains controversial, although studies are beginning to show 
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BECs may be giving rise to hepatocytes. Indeed, experimentally, when endogenous hepatocyte 

proliferation is impaired, reactive BECs (183, 194) can differentiate into hepatocytes to mediate 

repair (80, 218). Alternatively, hepatocytes can differentiate into BECs, which can then be 

incorporated into biliary ductules (208, 215) and may revert back to hepatocytes when injury is 

withdrawn (214). There is evidence of BEC-to-hepatocyte differentiation in both humans (104, 

112) and animal models of liver injury where hepatocyte proliferation is blocked (171, 187, 191) 

or after near total loss of hepatocytes (232).  

The choline-deficient, ethionine-supplemented (CDE) diet is a well-known liver injury diet 

which induces proliferation of reactive BECs (175, 176). Recent lineage tracing studies have 

demonstrated limited contribution of BECs to hepatocytes in CDE diet fed mice (150, 190, 278), 

leading to the conclusion that BECs do not contribute significantly to the restoration of hepatocyte 

mass after chronic liver injury. However, the CDE diet does not block hepatocyte proliferation 

(190), and thus is unable to provide the correct milieu for BEC-to-hepatocyte transdifferentiation. 

Since the Wnt/β-catenin signaling pathway is a major driver of hepatocyte proliferation during LR 

(68, 279), we investigated if CDE diet-induced injury to conditional β-catenin knockout mice will 

necessitate BEC-mediated liver repair. We utilized multiple mouse models to perform hepatocyte 

and BEC lineage tracing in mice that underwent modulation of β-catenin expression and were 

administered CDE diet. Our results demonstrate that loss of β-catenin in hepatocytes during CDE 

diet-induced liver injury indeed impairs hepatocyte proliferation, triggering the expansion of BECs 

which subsequently differentiate into hepatocytes. We have successfully established a model 

which will lend itself well to the study of the mechanisms of BEC expansion and differentiation. 
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3.3 Methods 

3.3.1  Mouse strains, Viral Infections, Tamoxifen Administration, In Vivo RNAi, and Diet 

All animals are housed in temperature and light-controlled facilities and are maintained in 

accordance with the Guide for Care and Use of Laboratory Animals and the Animal Welfare Act. 

Albumin-Cre;Ctnnb1flox/flox  mice or KO1 and wild-type littermate controls (WT1) (74) were 

maintained on a C57BL/6 background. Ctnnb1flox/flox;Rosa-stopflox/flox-EYFP reporter mice were 

generated through breeding Ctnnb1flox/flox mice with Rosa-stopflox/flox-EYFP mice (Jackson 

Laboratories). Krt19-CreERT;Rosa-stopflox/flox-tdTomato reporter mice were described previously 

(191). To label hepatocytes and generate KO2 mice, 23–25 day-old Ctnnb1flox/flox;Rosa-stopflox/flox-

EYFP mice were injected intraperitoneally with 1x1012 genome copies (GCs) of adeno-associated 

virus serotype 8 encoding Cre recombinase under the hepatocyte-specific thyroid binding globulin 

promoter (AAV8-TBG-Cre) (Penn Vector Core) followed by a 12 days (12d) washout period. To 

generate WT2 mice, the same AAV8-TBG-Cre was injected into or Ctnnb1+/+;Rosa-stopflox/flox-

EYFP mice. To label BECs, Krt19-CreERT;Rosa-stopflox/flox-tdTomato mice were given 3 doses of 

12.5 mg/kg tamoxifen during postnatal week 1, followed by 2 weeks (2W) washout. For the liver 

injury time point, 4–5w-old mice were given choline-deficient diet (Envigo Teklad Diets) 

supplemented with 0.15% ethionine drinking water (Acros Organics, 146170100) for 2-3w (Krt19-

CreERT;Rosa-stopflox/flox-tdTomato mice). For recovery time points, animals were switched back to 

normal chow diet for 3d up to 6 months (6m) after 2W of CDE diet. For in vivo knockdown of β-

catenin expression, both C57BL6/NJ (Charles River) and Krt19-CreERT; Rosa-stopflox/flox-tdTomato 

mice were given biweekly or weekly subcutaneous injections of 5 mg/kg GalXC-Ctnnb1 (Dicerna 

Pharmaceuticals) starting 1W prior to CDE diet administration and continuing throughout CDE 
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diet and recovery periods. GalXC is a Dicerna Pharmaceuticals Ctnnb1 RNAi conjugated to 

hepatocyte targeting ligand N-acetylgalactosamine, which allows for hepatocyte-specific 

knockdown of target gene expression (280). Serum biochemistry analysis was performed by 

automated methods at the University of Pittsburgh Medical Center clinical chemistry laboratory. 

All studies were performed according to the guidelines of the National Institutes of Health and the 

University of Pittsburgh Institutional Animal Use and Care Committee.  

3.3.2  Immunohistochemistry 

Tissue samples were drop-fixed in 10% buffered formalin for 48 hours prior to paraffin 

embedding. Samples were cut into 4 µm sections, deparaffinized, and washed with PBS. For 

antigen retrieval, samples were microwaved for 12 minutes in pH6 sodium citrate buffer (Cyclin 

D1, PanCK, GS, CD45) or Tris-EDTA buffer (Ki67), or were pressure cooked for 20 minutes in 

pH6 sodium citrate buffer (β-catenin), Dako Target Retrieval Solution (Dako, S1699) (CK19, 

EpCAM), or pH9 EDTA buffer (αSMA). After cooling, samples were placed in 3% H2O2 for 10 

minutes to quench endogenous peroxide activity. After washing with PBS, slides were blocked 

with Super Block (ScyTek Laboratories, AAA500) for 10 minutes or 10% goat serum in PBS for 

10 minutes (GS, p21). The primary antibodies were incubated at the following concentrations in 

antibody diluent (PBS + 1% BSA (Fisher BioReagents, BP1605-100) with 0.1% Tween™ 20 

(Fisher BioReagents, BP337-500)): GS (Sigma G2781, 1:1500), Ki67 (Thermo Scientific RM-

9106-S, 1:100), PanCK (Dako Z0622, 1:200), Cyclin D1 (Abcam ab134175, 1:200), β-catenin 

(Abcam ab32572, 1:100) for one hour at room temperature or at 4℃ overnight: p21 (Santa Cruz 

sc-471, 1:25), EpCAM (Biolegend 118201, 1:50), CK19 (DSHB TROMA III, 1:10). Samples were 

washed with PBS three times and incubated with the appropriate biotinylated secondary antibody 
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(Vector Laboratories) diluted 1:500 or 1:1000 (GS) in antibody diluent for 30 minutes at room 

temperature. Samples were washed with PBS three times and sensitized with the Vectastain® ABC 

kit (Vector Laboratories, PK-6101) for 30 minutes. Following three washes with PBS color was 

developed with DAB Peroxidase Substrate Kit (Vector Laboratories, SK-4100), followed by 

quenching in distilled water for five minutes. Slides were counterstained with hematoxylin 

(Thermo Scientific, 7211), dehydrated to xylene and coverslips applied with Cytoseal™ XYL 

(Thermo Scientific, 8312-4). For H&E staining, samples were deparaffinized and stained with 

hematoxylin (Thermo Scientific, 7211) and eosin (Thermo Scientific, 71204), followed by 

dehydration to xylene and application of a coverslip. For Sirius Red staining, samples were 

deparaffinized and incubated for one hour in Picro-Sirius Red Stain (American MasterTech, 

STPSRPT), washed twice in 0.5% acetic acid water, dehydrated to xylene, and coversliped. Images 

were taken on a Zeiss Axioskop 40 inverted brightfield microscope. Images for tiling were taken 

on a Zeiss Axio Observer.Z1 microscope and assembled utilizing ZEN Imaging software. 

3.3.3  Immunofluorescence  

Tissue samples were drop fixed in 10% buffered formalin overnight, cryopreserved in 30% 

sucrose in PBS overnight, frozen in OCT compound (Sakura, 4583) and stored at -80℃ or 

alternatively were paraffin embedded after formalin fixation. Cryopreserved samples were cut into 

5 µm sections, allowed to air-dry, and then washed in PBS, while paraffin-embedded samples were 

cut into 4 µm sections and deparaffinized to PBS. Antigen retrieval was performed through 

pressure cooking for 20 minutes with Dako Target Retrieval Solution (Dako, S1699) or through 

microwaving in pH 6 sodium citrate buffer (PanCK, RFP, CYP2D6, GS, CK19). After cooling, 

slides were washed with PBS and permeabilized with 0.1% Triton X-100 in PBS for 20 minutes 
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at room temperature. Samples were washed three times with PBS and then blocked with 2% 

Donkey serum in 0.1% Tween™ 20 in PBS (antibody diluent) for 30 minutes at room temperature. 

Antibodies were diluted as follows: β-catenin (Abcam ab32572, 1:100), PanCK (Dako Z0622, 

1:200), Hnf4α (Santa Cruz sc-6556, 1:50), GFP (Abcam ab13970, 1:200), CK19 (DSHB TROMA-

III-s, 29 µg/ml), PCNA (Santa Cruz sc-56, 1:1000), RFP (Rockland 600-401-379, 1:200), GS 

(Abcam ab73593, 1/200), CYP2D6 (Gift from R. Wolfe, University of Dundee, 1/500) in antibody 

diluent and incubated at 4℃ overnight. Samples were washed three times in PBS and incubated 

with the proper fluorescent secondary antibody (AlexaFluor 488/555/647, Invitrogen) diluted 

1:800 in antibody diluent for two hours at room temperature. Samples were washed three times 

with PBS and incubated with DAPI (Sigma, B2883) for 1 minute. Samples were washed three 

times with PBS and mounted with fluromount (SouthernBiotech) or ProLongTM Gold antifade 

reagent (Invitrogen, P10144). Images were taken on a Nikon Eclipse Ti epifluorescence 

microscope or a Zeiss LSM700 confocal microscope.  

3.3.4  Western Blotting 

To extract protein, whole liver tissue was homogenized in RIPA buffer as previously 

described (74). Protein was separated on pre-cast 4-20% or 7.5% polyacrylamide gels (Bio-Rad) 

and transferred to a nitrocellulose membrane using the Trans-Blot Turbo Transfer System (Bio-

Rad). Membranes were blocked for 30 minutes with 5% skim milk (LabScientific, Cat# M0841) 

or 5% BSA in Blotto buffer (0.15 M NaCl, 0.02 M Tris pH 7.5, 0.1% Tween in dH2O), and 

incubated with primary antibodies at 4℃ overnight at the following concentrations: β-catenin (BD 

Biosciences 610154, 1:1000 in 5% milk), Active β-catenin (Cell Signaling cs-4270, 1:800 in 5% 

BSA), Cyclin D1 (Thermo Fisher RB-9041-P, 1:200 in 5% milk), GS (Santa Cruz sc-74430, 
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1:2000 in 5% milk), p21 (Santa Cruz sc-271532, 1:50 in 5% milk), αSMA (Abcam ab5694, 1:1000 

in 5% milk), GAPDH (Santa Cruz sc-25778, 1:1000 in 5% milk). Membranes were washed in 

Blotto buffer and incubated with the appropriate HRP-conjugated secondary antibody for 1 – 3 

hours at room temperature. Membranes were washed with Blotto buffer, and bands were developed 

utilizing SuperSignal® West Pico Chemiluminescent Substrate (Thermo Scientific, Prod# 34080) 

and visualized by autoradiography. 

3.3.5  RT-PCR 

Whole liver was homogenized in TRIzol™ (Thermo Scientific, Cat# 15596026), treated 

with chloroform, and nucleic acid was precipitated with isopropanol. Cellular DNA was digested 

with DNA-free™ Kit (ambion, AM1906), and RNA was reverse-transcribed into cDNA using 

SuperScript® III (Invitrogen, 18080-044). Real-time PCR was performed in technical triplicate on 

a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Cat# 4376600) using the Power 

SYBR® Green PCR Master Mix (Applied Biosystems, 4367660). Target gene expression was 

normalized to the average of two housekeeping genes (Gapdh and Rn18s), and fold change was 

calculated utilizing the ΔΔ-Ct method. Primers are listed in Table 3. 

 

Table 3: List of primers used in the Hepatology study 

Gene Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) 
Ccnd1  TTTCTTTCCAGAGTCATCAAGTGT TGACTCCAGAAGGGCTTCAA 
Ctnnb1  ACTTGCCACACGTGCAATTC AAGGTTGTGCAGAGTCCCAG 
Col1a1 TCCGGCTCCTGCTCCTCTTA GTATGCAGCTGACTTCAGGGATGT 
Acta2 CCGAGATCTCACCGACTACC TCCAGAGCGACATAGCACAG 
Sox9 GTGCAAGCTGGCAAAGTTGA TGCTCAGTTCACCGATGTCC 
Krt19 CCAGGAAGCCCACTACAACAA TCGAGGGAGGGGTTAGAGTAAA 
Gapdh AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA 
Rn18s GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 
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3.3.6  Statistics  

For analysis of serum biochemistry between two groups, a two-tailed t-test was performed. 

For analysis of gene expression data between more than two groups, a one-way ANOVA was 

performed. For analysis of cell counts, such as proliferating hepatocytes, a Mann-Whitney U Test 

was performed. For analysis of change in body weight over time, a two-way ANOVA was 

performed. A p<0.05 was considered significant, and plots are mean ±SD. All statistical analysis 

and graph generation was performed using GraphPad Prism 7 software. 

3.4 Results 

3.4.1  β-catenin is Important for LR after CDE Diet-Induced Liver Injury 

To test whether lack of β-catenin in hepatocytes impairs hepatocyte proliferation in a 

chronic liver injury setting, we placed KO1 mice (74) lacking β-catenin in hepatocytes and BECs, 

and WT1 mice on CDE diet for 2W (Fig. 17A). KO1 showed severe histological abnormalities 

including steatohepatitis (Fig. 17F), with gross liver morphology displaying pale and smaller livers 

(Fig. 17B). Serum liver injury markers, alanine aminotransferase (ALT) (Fig. 17C), serum 

aspartate aminotransferase (AST) (Fig. 18D), and bilirubin (Fig. 17D) were significantly elevated 

in KO1 compared to WT1 on CDE diet. There was no difference in serum alkaline phosphatase 

(ALP) levels in WT1 and KO1 mice (Fig. 18E). Both WT1 and KO1 displayed characteristic 

expansion of reactive BECs, which are positive for BEC-marker CK19 (Fig. 18A), although KO1 

displayed a more robust BEC expansion as determined by increased expression of BEC markers 
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Figure 17: KO1 mice display severe liver injury and impaired hepatocyte proliferation after CDE diet. 

(a) Four-week-old male WT1 and KO1 mice were placed on CDE diet for 2W to induce liver 
injury. (b) Gross liver morphology reveals small and pale livers in KO1 mice after 2W of CDE 
diet. (c) Serum liver injury marker alanine aminotransferase (ALT) is significantly elevated in 
KO1 mice after CDE diet compared to both WT1 mice and baseline normal diet (ND) levels (t-
test, ** = p < 0.01). (d) Serum bilirubin is significantly elevated in KO1 mice after CDE diet 
compared to both WT1 mice and baseline normal diet (ND) levels (t-test, **** = p < 0.0001). (e) 
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Quantification of hepatocyte proliferation in mice after 2W of CDE diet reveals significantly 
impaired hepatocyte proliferation in KO1 mice (Mann-Whitney U test, ** = p < 0.01). (f) KO1 
mice display prominent steatohepatitis and few Ki67 or Cyclin D1-positive hepatocytes (scale bar 
50 µm). (g) Hepatic Ccnd1 gene expression is upregulated after 2W of CDE diet, but is impaired 
in KO1 mice (One-way ANOVA, * = p < 0.05). (h) Whole liver lysates display dramatically 
reduced levels of β-catenin and active β-catenin in KO1 mice while WT1 animals exhibit 
upregulation of both proteins after CDE diet. 
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Figure 18: KO1 mice develop fibrosis and a robust BEC response after two weeks of CDE diet. 

(a) IHC staining reveals loss of β-catenin expression in both hepatocytes and BECs in KO1 mice. 
Additionally, KO1 mice display robust expansion of BECs by CK19 staining, fibrosis by Sirius 
Red, an increase in p21-positive hepatocytes compared to WT1 mice, and TUNEL-positive cells 
in both WT1 and KO1 mice after two weeks of CDE diet (scale bar 50 µm). PV = portal vein. (b) 
KO1 mice display an increase in Col1a1 gene expression (one-way ANOVA, p = 0.0575). (c) KO1 
mice display a significant increase in Acta2 (α-smooth muscle actin) gene expression compared to 
WT1 mice (one-way ANOVA, p < 0.01). (d) Elevated serum AST levels in KO1 mice compared 
to WT1 mice after two weeks of CDE diet (t-test, p = 0.0762). (e) No difference in serum ALP 
levels in KO1 and WT1 mice after two weeks of CDE diet. (f) KO1 mice display a significant 
increase in Krt19 gene expression compared to WT1 mice (one-way ANOVA, p < 0.05) and KO1 
mice on normal diet (one-way ANOVA, p < 0.05). (g) KO1 mice display a significant increase in 
Sox9 gene expression compared to WT1 mice (one-way ANOVA, p < 0.01) and KO2 mice on 
normal diet (one-way ANOVA, p < 0.05). (h) KO1 mice on CDE diet for two weeks express less 
Cyclin D1, more p21, and more α-smooth muscle actin (molecular weight 42 kDa) compared to 
WT1 littermates. 
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Krt19 and Sox9 (Fig. 18F, G). KO1 also displayed increased fibrosis by Sirius Red staining (Fig. 

18A) and increased expression of pro-fibrotic genes Col1a1 (Fig. 18B) and Acta2 (Fig. 18C, H). 

We detected increased cell death as evidenced by TUNEL staining (Fig. 18A) and increased 

hepatocyte senescence in KO1 as evidenced by an increase in p21-positive hepatocytes (Fig. 18A) 

and increased levels of p21 protein (Fig. 18H) compared to WT1. Collectively, we detect severe 

liver injury in KO1 mice on CDE diet. 

To determine if there was a defect in LR in KO1, we assessed hepatocyte proliferation via 

Ki67 and Cyclin D1 IHC (Fig. 17F). While WT1 displayed robust hepatocyte proliferation and 

Cyclin D1 expression especially in periportal hepatocytes, KO1 displayed significantly impaired 

hepatocyte proliferation (Fig. 17E) and reduced Ccnd1 expression (Fig. 17G) and protein (Fig. 

18H). As expected, low levels of β-catenin protein were observed in KO1 livers, likely due to non-

parenchymal cells (Fig. 17H). However, there was no expression of active-β-catenin 

(hypophosphorylated) in KO1 mice even after CDE diet (Fig. 17H). Alternatively, there was 

increased total and active-β-catenin levels in WT1 mice on CDE diet compared to normal diet 

(Fig. 17H). This suggests activation of β-catenin signaling is contributing to hepatocyte 

proliferation, and deletion of β-catenin leads to impaired hepatocyte proliferation and defective 

LR after CDE diet. 

3.4.2  Lack of β-catenin in Hepatocytes Impairs Hepatocyte Proliferation and Promotes 

Injury from the CDE Diet 

As KO1 mice on CDE diet displayed severe liver injury, impaired hepatocyte proliferation, 

and robust expansion of BECs, we hypothesized BEC differentiation to hepatocytes would be 

activated to mediate restoration of hepatocyte mass. To test this hypothesis we generated KO2 
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mice (186). Genes in the Rosa locus are ubiquitously expressed, but prior to Cre recombination a 

floxed stop codon inactivates expression of the Rosa-driven enhanced yellow fluorescence protein 

(EYFP) reporter gene (281). AAV8 infects only hepatocytes, and greater than 99% of hepatocytes 

can be permanently labeled with EYFP after AAV8-TBG-Cre injection (186, 189, 190). We 

administered a single injection of AAV8-TBG-Cre and allowed 12d washout before administering 

CDE diet (Fig. 19A) to allow for clearance of residual viral genome (282). In KO2, hepatocytes 

lack β-catenin expression and are permanently labeled with EYFP (Fig. 19B). Importantly, BECs 

are not infected with AAV8 and thus retain β-catenin and do not express EYFP. Therefore, 

hepatocytes originating from BECs will be negative for EYFP and express β-catenin (Fig. 19F). 

As controls, WT2 mice showed EYFP-labeled hepatocytes that retain β-catenin expression. IHC 

confirmed β-catenin expression in hepatocytes in WT2 mice but not in KO2 mice (Fig. 20A). 

KO2 on CDE diet, like KO1, showed severe liver injury reflected by significantly increased 

serum AST (Fig. 19C), serum ALT (Fig. 20D), and bilirubin levels (Fig. 19D) as compared to 

WT2. WT2 mice on CDE diet initially lost weight but began to recover after 5–7d. In contrast, 

KO2 mice continued to lose weight over the course of CDE diet administration (Fig. 19E), 

suggesting failure to recover from injury. Both WT2 and KO2 mice displayed expansion of BECs 

(Fig. 20A), confirmed by increased Krt19 (Fig. 20F) and Sox9 (Fig. 20G) expression. KO2 and 

WT2 mice developed fibrosis after 2W of CDE diet evident by increased Sirius Red staining (Fig. 

20A) and increased expression of Col1a1 (Fig. 20B) and Acta2 (Fig. 20C). KO2 mice on CDE diet 

also displayed increased p21-positive hepatocytes (Fig. 20A) and overall p21 protein levels (Fig. 

20H).  

When hepatocyte proliferation was assessed by Ki67 staining, WT2 mice also displayed 

robust periportal hepatocyte proliferation, which was nearly absent in KO2 mice (Fig. 19G-H). 
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Figure 19: KO2 mice display severe liver injury and impaired hepatocyte proliferation after CDE diet-

induced liver injury. 

(a) 24-25 day old male Ctnnb1flox/flox; Rosa-stopflox/flox-EYFP or Ctnnb1+/+; Rosa-stopflox/flox-EYFP 
mice were injected with AAV8-TBG-Cre to generate KO2 and WT2 mice respectively, followed 
by 12ds of wash-out on normal diet before 2W of CDE diet. (b) Schematic of cell labeling after 
AAV8-TBG-Cre injection, only hepatocytes (maroon hexagons) will be labeled with EYFP and 
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will lose β-catenin expression (black outline). BECs (green circles) will not be altered by AAV8-
TBG-Cre injection. (c) Serum liver injury marker aspartate aminotransferase (AST) is significantly 
elevated in KO2 mice after CDE diet compared to WT2 mice (t-test, **** = p < 0.0001). (d) Serum 
bilirubin is significantly elevated in KO2 mice after CDE diet compared to WT2 mice (t-test, **** 
= p < 0.0001). (e) KO2 mice lose significantly more body weight compared to WT2 mice after 
CDE diet (WT2 n = 22, KO2 n =11, Two-way ANOVA, **** = p < 0.0001). (f) Schematic of fate-
tracing showing that any BECs that give rise to hepatocytes will be negative for EYFP and will 
express β-catenin. (g) IHC shows many Ki67-positive hepatocytes in WT2 mice but not in KO2 
after CDE diet (scale bar 50 µm). (h) Quantification reveals fewer Ki67-positive hepatocytes in 
KO2 mice after CDE diet (Mann-Whitney U Test, ** = p < 0.01). (i) Hepatic Ccnd1 gene 
expression is significantly elevated in WT2 mice after CDE diet, but impaired in KO2 mice (One-
way ANOVA, ** = p < 0.01). (j) No BEC-derived hepatocytes (EYFP-negative, β-catenin-
positive) were evident in either WT2 or KO2 mice after 2W of CDE diet (scale bar 50 µm).  
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Figure 20: KO2 mice develop fibrosis and a robust BEC response after two weeks of CDE diet. 

(a) IHC staining reveals a lack of β-catenin expression in hepatocytes in KO2 mice. Additionally, 
Pan-cytokeratin staining reveals a robust BEC response, Sirius Red the development of fibrosis, 
and p21 staining reveals an increase in p21-positive hepatocytes in KO2 mice after two weeks of 
CDE diet compared to WT2 mice (scale bar 50 µm). (b) WT2 and KO2 mice display an increase 
in Col1a1 gene expression of two weeks of CDE diet. (c) WT2 and KO2 mice display an increase 
in Acta2 (α-smooth muscle actin) gene expression after two weeks of CDE diet. (d) Significantly 
elevated serum ALT levels in KO2 mice after two weeks of CDE diet (t-test, p < 0.01). (e) No 
difference in serum ALP levels in WT2 and KO2 mice after two weeks of CDE diet. (f) WT2 and 
KO2 mice display an increase in Krt19 gene expression after two weeks of CDE diet. (g) WT2 
and KO2 mice display an increase in Sox9 gene expression after two weeks of CDE diet. (h) KO2 
mice do not display an increase in total β-catenin levels but do show an increase in active β-catenin 
after two weeks of CDE diet compared to KO2 mice on normal diet. KO2 mice also display less 
Cyclin D1 and more p21 expression compared to WT2 mice after two weeks of CDE diet.  
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WT2 mice, like WT1, displayed increased Ccnd1 gene (Fig. 19I) and protein expression (Fig. 20H) 

after CDE diet, which was significantly abrogated in KO2. This suggests severely impaired 

hepatocyte proliferation in KO2 mice after 2W of CDE diet. We did not detect any β-catenin-

positive, EYFP-negative hepatocytes in KO2 (Fig. 19J), suggesting no BEC-derived hepatocytes 

(Fig. 19F) were present at this time. Corroborating this observation, we did not detect an increase 

in total β-catenin levels in KO2 mice after 2W of CDE diet in comparison to KO2 mice left on 

normal diet. However, we did detect active β-catenin in KO2 mice on CDE diet, which was absent 

in KO2 mice on normal diet (Fig. 20H). This suggests active-β-catenin is present in β-catenin-

positive BEC compartment, and that BEC differentiation into hepatocytes had yet to occur. 

3.4.3  Defective Hepatocyte Proliferation in KO2 Mice Drives BEC-to-Hepatocyte 

Differentiation after CDE Diet-Induced Hepatic Injury 

To facilitate BEC-driven repair, we next administered CDE diet to WT2 and KO2 mice for 

2W followed by recovery on normal diet for 2W (184, 187, 191) (Fig. 21A). Both WT2 and KO2 

displayed normal serum ALT (Fig. 21C), although KO2 displayed slightly elevated serum bilirubin 

(Fig. 21D) and ALP (Fig. 21E) compared to WT2. Excitingly, in KO2 mice we detected clusters 

of β-catenin-positive, EYFP-negative cells which stained positively for hepatocyte marker Hnf4α 

(Fig. 21G), indicating BEC-derived hepatocytes (Fig. 21B). We did not detect expansion of EYFP- 

negative hepatocytes in WT2 mice, suggesting that BECs do not give rise to hepatocytes in animals 

when hepatocyte proliferation is not impaired, consistent with previous reports (190, 214, 278). 

An alternative explanation for these cells is that they were hepatocytes which escaped initial Cre 

recombination, which could result in EYFP-negative, β-catenin-positive hepatocytes. However, 

we would predict the efficiency of AAV8-TBG-Cre to be the same in both WT2 and KO2 mice. 
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Figure 21: BEC-derived hepatocytes appear in KO2 but not WT2 mice following recovery after CDE diet. 

(a) 24-25 day old male Ctnnb1flox/flox; Rosa-stopflox/flox-EYFP or Ctnnb1+/+; Rosa-stopflox/flox-EYFP 
mice were injected with AAV8-TBG-Cre to generate KO2 and WT2 mice respectively, followed 
by 12ds of wash-out on normal diet before 2W of CDE diet followed by another 2W of recovery 
on normal chow. (b) Schematic of fate tracing depicting BECs that give rise to hepatocytes will be 
negative for EYFP and will express β-catenin. (c) Serum ALT levels normalize after 2W of 
recovery post-CDE diet in both WT2 and KO2 mice. (d) Serum bilirubin levels are reduced in 
KO2 mice compared to immediate post-CDE diet injury levels, but still significantly elevated in 
comparison to WT2 mice following 2W of recovery (t-test, ** = p < 0.01).  (e) Serum ALP levels 
are significantly elevated in KO2 compared to WT2 mice after CDE 2W and 2W of recovery (t-
test, *** = p < 0.001). (f) Over 99% of hepatocytes are EYFP-positive in WT2 and KO2 mice both 
prior to injury (Normal Diet 12ds) and after 2W of CDE diet-induced liver injury (CDE 2W). After 
recovery on normal diet following CDE diet, approximately 20% of periportal hepatocytes are 
EYFP-negative in KO2 mice while there is no reduction in EYFP-positive hepatocytes in WT2 



 90 

mice. (g) Hnf4α-positive hepatocytes which are negative for EYFP and positive for β-catenin 
appear in KO2 mice after CDE diet and recovery. No EYFP-negative hepatocytes are apparent in 
WT2 mice (scale bar 50 µm). 
 

Therefore, we quantified the number of EYFP-positive/negative hepatocytes in our WT2 and KO2 

mice over the course of CDE diet injury and recovery (Fig. 21F). First, we quantified the number 

of EYFP-positive hepatocytes in WT2 and KO2 mice 12d after injection with AAV8-TBG-Cre, 

corresponding to the initial labeling efficiency before the onset of liver injury. We found that 

greater than 99% of hepatocytes were EYFP-positive, consistent with previous reports (190, 278). 

After 2W of CDE diet, the percentage of EYFP-negative hepatocytes was not significantly 

increased in either WT2 or KO2. However, after 2W of recovery after CDE diet-induced liver 

injury, in KO2 mice approximately 20% of periportal hepatocytes were EYFP-negative, whereas 

the percentage of EYFP-negative hepatocytes in WT2 mice did not increase (Fig. 21F).  

Correspondingly, tiled images (and serial higher magnification images from a representative area) 

from KO2 mice of representative lobes stained for β-catenin revealed no clusters of β-catenin-

positive hepatocytes after 2W of CDE diet (Fig. 22A, B), whereas after 2W of CDE diet followed 

by 2W of recovery on normal diet many clusters of β-catenin-positive hepatocytes were evident 

across the entire lobe (and serial higher magnification images from a representative area) (Fig. 

22C, D). Likewise, hepatic Ctnnb1 expression tended to increase in KO2 mice after CDE diet and 

recovery, although it was still significantly lower than WT2 mice. In age- matched control mice 

left on normal diet for 6W after AAV8-TBG-Cre injection, hepatic gene expression of Ctnnb1 was 

greatly reduced in KO2 mice compared to WT2 mice (Fig. 22E), indicating lack of repopulation 

of β-catenin-positive hepatocytes in the absence of liver injury. These results, in combination with 

lack of expansion of EYFP-negative hepatocytes in WT2 after CDE diet injury and recovery, 

support BEC-to-hepatocyte conversion in KO2 over expansion of Cre-recombinase escaped cells. 
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Figure 22: Expansion of β-catenin-positive hepatocytes occurs only after recovery on normal diet. 
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(a) Tiled β-catenin IHC staining of an entire lobe from the liver of a KO2 mouse after 2 weeks of 
CDE diet reveals dramatic expansion of β-catenin-positive BECs, but no clusters of β-catenin-
positive hepatocytes. (b) Serial magnifications of a representative area from Figure S3A (open 
box) verifies dramatic expansion of β-catenin-positive BECs, but no clusters of β-catenin-positive 
hepatocytes (50x, 100x, 200x, 400x). (c) Tiled β-catenin IHC staining of an entire lobe from the 
liver of a KO2 mouse after 2 weeks of CDE diet followed by 2 weeks of recovery on normal diet 
reveals clusters of β-catenin-positive hepatocytes appearing across the entire lobe. (d) Serial 
magnifications of a representative area from Figure S3C (open box) verifies clusters of β-catenin-
positive hepatocytes appearing in close association with ductules (50x, 100x, 200x, 400x). (e) 
Expression of Ctnnb1 is dramatically reduced in KO2 mice compared to WT2 mice on normal diet 
for 6 weeks. After 2 weeks of CDE diet followed by 2 weeks of recovery on normal diet, expression 
of Ctnnb1 is trending upward in KO2 mice, although it is still significantly reduced compared to 
WT2 levels (one-way ANOVA, ** = p < 0.01. **** = p < 0.0001). 
 

3.4.4  BEC-Derived β-catenin-Positive Hepatocytes are More Proliferative than 

Endogenous Hepatocytes 

            Analysis of hepatic sections from KO2 mice after 2W of recovery on normal chow 

following 2W of CDE diet showed that nearly all β-catenin-positive hepatocytes were located in 

clusters adjacent to BECs in the periportal region (Fig. 22B). This may also explain the lack of 

reappearance of pericentral β-catenin target glutamine synthetase (GS) (68, 283) in KO2 mice at 

this time (Fig. 23C). The reactive BEC response was extensive after 2W of CDE diet and recovery, 

as evidenced by large numbers of EpCAM-positive BECs (Fig. 24A). The extent of BEC 

expansion was similar in WT2 and KO2, as indicated by comparable hepatic expression of BEC 

markers Krt19 (Fig. 24B) and Sox9 (Fig. 24C). There was ongoing fibrosis in both WT2 and KO2 

as evidenced by Sirius Red staining even after 2W recovery on normal diet (Fig. 24A), which is 

likely due to ongoing reactive BEC response, which is known to secrete profibrogenic cytokines 

(127). This level of fibrosis also indicated that repair of CDE diet-induced liver injury was not 

complete after 2W of recovery on normal diet. 
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Figure 23: β-catenin-positive hepatocytes preferentially proliferate to restore lost hepatocyte mass. 

(a) The majority of BEC-derived β-catenin-positive hepatocytes in a given cluster are PCNA-
positive (scale bar 50 µm). (b) Quantification of PCNA reveals β-catenin-positive hepatocytes are 
significantly more proliferative than surrounding β-catenin-negative hepatocytes (Mann-Whitney 
U test, ** = p < 0.01). (c) There is an increase in total β-catenin, active β-catenin, and Cyclin D1 
levels in KO2 mice after CDE diet and recovery compared to KO2 mice left on normal diet. Since 
all BEC-derived hepatocytes are located in the periportal region, there is no re-expression of 
pericentral β-catenin target GS. (d) IHC staining for β-catenin reveals no β-catenin-positive 
hepatocytes in KO2 mice after 2W on CDE diet with 0 days of recovery. However, a few β-catenin-
positive hepatocytes are visible after 3 days of recovery (red arrow), with clusters of β-catenin-
positive hepatocytes increasing in size from 7 days recovery to 14 days recovery on normal diet 
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(scale bar 50 µm). (e) β-catenin-positive cells which express both BEC marker CK19 and 
hepatocyte marker Hnf4α can be found in KO2 mice after 2W on CDE diet followed by 7 days of 
recovery on normal diet (scale bar 10 µm). 
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Figure 24: Robust BEC response in WT2 and KO2 mice after CDE diet and recovery. 

(a) There is sustained fibrosis and a continued BEC response in both WT2 and KO2 mice after 
CDE diet and recovery. Rare EpCAM-positive cells with hepatocyte morphology are detectable in 
KO2 mice (black arrows). Additionally, clusters of presumable BEC-derived hepatocytes (red 
arrows) are strongly Cyclin D1 positive in KO2 mice (scale bar 50 µm). (b) The level of Krt19 
gene expression is comparable between WT2 and KO2 mice after 2 weeks of CDE diet followed 
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by 2 weeks of recovery on normal diet. (c) The level of Sox9 gene expression is comparable 
between WT2 and KO2 mice after 2 weeks of CDE diet followed by 2 weeks of recovery on 
normal diet. (d) The majority of BECs are negative for EYFP in WT2 and KO2 mice after CDE 
diet and recovery. However, rare EYFP cells positive for BEC markers are detectable in both WT2 
and KO2 mice, potentially suggesting hepatocyte-to-BEC transdifferentiation (scale bar 50 µm). 
PV = portal vein. 
 

To determine if BEC-derived, β-catenin-positive hepatocytes were driving restoration of 

hepatocyte mass in KO2 mice after CDE diet-induced liver injury, we performed triple 

immunofluorescence for Hnf4α, β-catenin, and proliferating cell nuclear antigen (PCNA) (Fig. 

23A). Within a given cluster of β-catenin-positive hepatocytes in KO2, the majority of β-catenin-

positive hepatocytes stained positively for PCNA. Indeed, periportal β-catenin-positive 

hepatocytes were significantly more proliferative than surrounding β-catenin-negative hepatocytes 

in KO2 (Fig. 23B). Likewise, clusters of periportal hepatocytes in KO2 were strongly Cyclin D1-

positive in comparison to surrounding hepatocytes (Fig. 24A, red arrows). KO2 also displayed 

increased total Cyclin D1 protein compared to WT2 after 2W of CDE diet and recovery (Fig. 23C). 

There was also a noticeable increase in total and active-β-catenin in KO2 after recovery in 

comparison to age-matched KO2 left on normal diet for 6W (Fig. 23C), indicating repopulation 

by β-catenin-positive cells in KO2 during repair. Collectively, these results demonstrate BEC-

derived β-catenin-positive hepatocytes are preferentially proliferating to replenish lost hepatic 

mass in KO2 mice.  

3.4.5  BEC Differentiation to Hepatocytes Occurs Early in Recovery on Normal Diet    

To determine if the BEC-derived hepatocytes after 2W of recovery on normal diet express 

BEC markers, we performed triple immunofluorescence with a wide-spectrum cytokeratin 

antibody (PanCK) in addition to EYFP and hepatocyte marker Hnf4α (Fig. 24D). EYFP-negative 
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hepatocytes were PanCK-negative (Fig. 24D, white arrowhead), and as expected the majority of 

cytokeratin-positive BECs were negative for EYFP. Interestingly, rare EYFP-positive BECs were 

observed in both WT2 and KO2 mice (Fig. 24D, white arrows), potentially indicating hepatocyte-

to-BEC transdifferentiation after CDE diet-induced liver injury. When we performed staining for 

a second BEC marker, EpCAM, we observed rare cells with hepatocyte-like morphology which 

were EpCAM-positive in KO2 mice (Fig. 24A, black arrows). This finding correlates with the 

observations of EpCAM-positive hepatocytes in human patients with BEC expansion after severe 

liver injury (104).  These results demonstrate that after 2W of recovery on normal diet, the majority 

of BEC-derived hepatocytes in KO2 mice do not express BEC markers. 

To further explore the timing of BEC-to-hepatocyte differentiation during recovery from 

CDE diet, we harvested KO2 mice after 3d or 7d of recovery on normal diet post-CDE diet (Fig. 

25A). Excitingly, very few small β-catenin-positive hepatocyte-like cells are evident after 3d 

recovery, which grow into small clusters of β-catenin-positive cells with hepatocyte morphology 

after 7d recovery (Fig. 23D, red arrows). These clusters are even larger following 2W of recovery 

on normal diet, suggesting potential clonal expansion of BEC-derived, β-catenin-positive 

hepatocytes. Interestingly, serum ALT levels are dramatically reduced following 3d of recovery 

on normal diet (Fig. 25B), while both serum bilirubin and ALP levels remain elevated after 3d of 

recovery and only begin to normalize after 7d or 14d of recovery, respectively (Fig. 25C-D), 

potentially suggesting abatement of acute liver injury may be required for expansion of these cells. 

Similar serum liver injury profiles and appearance of small β-catenin-positive hepatocytes were 

also observed in female KO2 mice after CDE diet and three days of recovery (data not shown), 

suggesting BEC-to-hepatocyte differentiation also occurs in female mice following recovery from 

CDE diet-induced liver injury. 
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Figure 25: Expansion of BEC-derived, β-catenin-positive hepatocytes during early recovery on normal diet. 
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(a) Schematic of KO2 mice placed on normal diet for two weeks and then allowed to recovery on 
normal diet for either 0, 3, 7, or 14 days. (b) Serum ALT levels are elevated in KO2 mice on CDE 
diet for 2 weeks, but are dramatically reduced as early as 3 days after recovery on normal diet 
(One-way ANOVA, ** p < 0.01, **** p < 0.0001). (c) Serum bilirubin levels are elevated in KO2 
mice on CDE diet for 2 weeks, and only begin to show a reduction after 7 days of recovery on 
normal diet (One-way ANOVA, **** p < 0.0001). (d) Serum ALP levels are elevated in KO2 
mice on CDE diet for 2 weeks and begin to show a reduction after two weeks of recovery on 
normal diet (One-way ANOVA, **** p < 0.0001). (e) After 2 weeks of CDE diet, β-catenin-
positive cells are positive for BEC-marker CK19 but negative for Hnf4α (scale bar 20 µm). (f) As 
early as 3 days of recovery following CDE diet-induced liver injury, β-catenin-positive cells which 
express CK19 and weakly express Hnf4α (white arrow) can be detected (scale bar 20 µm). (g) 
After 7 days of recovery on normal diet following CDE diet-induced liver injury, there are clusters 
containing multiple β-catenin-positive, Hnf4α-positive hepatocytes (white arrows, scale bar 20 
µm). 
 

We next investigated the expression of Hnf4α in these putative transdifferentiating BECs 

over time. After 2W of CDE diet, virtually all β-catenin-positive cells were positive for CK19 and 

negative for Hnf4α (Fig. 25E). However, as early as after 3d of recovery we detected β-catenin-

positive cells which were CK19-positive and weakly positive for Hnf4α (Fig. 25F). After 7d of 

recovery on normal diet, rare β-catenin-positive cells were observed which were strongly positive 

for both CK19 and Hnf4α (Fig. 23E). At this time point, clusters containing β-

catenin+/Hnf4α+/CK19+ hepatocytes were evident (Fig. 25G). The rarity of the β-

catenin+/Hnf4α+/CK19+ cells in combination with the increased proliferation of β-catenin-

positive hepatocytes suggests that few BECs differentiate into hepatocytes, which subsequently 

proliferate to restore lost hepatocyte mass in KO2 mice.  

3.4.6  BEC-Derived Hepatocytes Repopulate the Liver during Long-Term Recovery 

Previous studies have demonstrated that transdifferentiated cells, such as hepatocyte-

derived BECs, may revert back to their original cell type when liver injury has abated (214). 
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Alternatively, it has been shown that with persistent need for transdifferentiated cells, such as in 

mice which lack the intrahepatic biliary system, hepatocyte-to-BEC conversion is permanent and 

stable for life (215). To determine if BEC-derived hepatocytes would persist and further repopulate 

the liver, KO2 mice were allowed to recover on normal diet for either 3 or 6 months (6m) after 

CDE diet (Fig. 26A). As a control, we traced WT2 and KO2 mice for 6m on normal diet to 

determine the persistence of EYFP labeling in the absence of injury. Serum ALT levels were 

normal in both WT2 and KO2 (Fig. 26B, C). Interestingly, KO2 mice left on normal diet for 6m 

showed minor elevation of bilirubin compared to WT2 (Fig. 26C). KO2 mice after long-term 

recovery from CDE diet showed extensive expansion of EYFP-negative, β-catenin-positive 

hepatocytes (Fig. 26E), as evidenced by central veins that were partially or completely GS-positive 

(Fig. 27A). When we quantified the number of EYFP-positive hepatocytes, we found that in 

control WT2 and KO2 left on normal diet for 6m there was no significant expansion of EYFP-

negative hepatocytes, similar to WT2 after long-term recovery from CDE diet (Fig. 26D). 

However, in KO2 after 3m of recovery from CDE diet up to 70% of hepatocytes were EYFP-

negative, and this number remained stable after 6m of recovery. In control KO2 mice left on 

normal diet for 6m, virtually all EYFP-positive hepatocytes were β-catenin-negative (Fig. 27B) as 

confirmed by β-catenin IHC (Fig. 27C). Hepatic expression of Ctnnb1 was significantly reduced 

in KO2 mice left on normal diet for 6m compared to control WT2 mice, while expression of 

Ctnnb1 in KO2 after recovery from CDE diet began to approach WT2 levels (Fig. 27D). The lack 

of expansion of EYFP-negative hepatocytes in WT2 mice even after 6m of recovery post-CDE 

diet, combined with the lack of expansion of EYFP-negative hepatocytes in KO2 left on normal 

diet, further supports our hypothesis that BEC-derived hepatocytes repopulate the liver in KO2 

after CDE diet-induced liver injury. 
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Figure 26: β-catenin-positive hepatocytes repopulate the majority of the liver during long-term recovery. 

(a) After CDE diet treatment, WT2 and KO2 mice were allowed to recover on normal diet for 
either 3 or 6 months. As a control, WT2 and KO2 mice which were never exposed to CDE diet 
were traced for 6 months after AAV8 injection. (b) Serum ALT levels are normal in both WT2 
and KO2 mice after long-term recovery on normal diet. (c) Serum bilirubin levels are normal in 
both WT2 and KO2 mice on long-term recovery on normal diet, although serum bilirubin is 
slightly elevated in control KO2 mice kept on normal diet for 6 months (one-way ANOVA, * = p 
< 0.05). (d) There is no significant expansion of EYFP-negative hepatocytes in control WT2 and 
KO2 mice left on normal diet for 6 months (blue bars), or in WT2 mice exposed to CDE diet for 
2W and allowed to recover on normal diet for up to 6 months. However, in KO2 mice up to 70% 
of hepatocytes are EYFP negative after 6 months of recovery on normal diet following CDE diet-
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induced liver injury. (e) Expansion of EYFP-negative hepatocytes is only evident in KO2, not 
WT2, mice after 6 months of recovery on normal diet following CDE diet-induced liver injury.  
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Figure 27: Expansion of EYFP-negative hepatocytes occurs only after exposure to CDE diet in KO2 mice. 
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(a) Expression of GS partially reappears in KO2 mice after CDE diet-induced liver injury and 
either 3 or 6 months of recovery on normal diet. (b) Virtually all hepatocytes are EYFP-positive 
in both control WT2 and KO2 mice left on normal diet for 6 months (scale bar 50 µm). (c) Tiled 
IHC β-catenin staining of a lobe from a KO2 mouse left on normal diet for 6 months after AAV8 
injection reveals virtually no β-catenin-positive hepatocytes. (d) There is dramatically reduced 
hepatic Ctnnb1 expression in control KO2 mice left on normal diet for 6 months compared to WT2 
controls. However, in KO2 mice placed on CDE diet followed by up to 6 months of recovery on 
normal diet the level of hepatic Ctnnb1 expression is approaching WT2 levels (one-way ANOVA, 
*** = p < 0.001).  
 

3.4.7  In Vivo Ctnnb1 RNAi Impairs Hepatocyte Proliferation after CDE Diet-Induced 

Liver Injury 

To prove BECs were indeed giving rise to hepatocytes in our model, we sought to perform 

direct lineage tracing of BECs utilizing tamoxifen-inducible Krt19-Cre to label BECs with the 

reporter tdTomato. However, usage of Cre recombinase to label BECs precluded the usage of Cre 

recombinase to delete Ctnnb1 specifically in hepatocytes. To achieve labeling of BECs with a 

reporter and simultaneous knockdown of Ctnnb1 expression in hepatocytes, we utilized GalXC 

(280). To validate that GalXC injection would recapitulate the phenotype of CDE diet-fed mice 

with genetic hepatocyte-specific Ctnnb1 deletion, we performed weekly subcutaneous injections 

of GalXC in mice fed CDE diet. The first injection was performed 1W before CDE diet exposure 

to ensure reduced β-catenin levels in hepatocytes at the time of CDE diet administration (Fig. 

28A).  

Real-time PCR analysis demonstrated significant reduction of hepatic Ctnnb1 gene 

expression in GalXC-injected mice compared to PBS-injected control mice on CDE diet (Fig. 

28B). GalXC-injected mice fed CDE diet for 2W displayed significantly elevated serum ALT (Fig. 

28C), AST (Fig. 28D), and bilirubin levels (Fig. 28F) compared to control PBS-injected mice. We 
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Figure 28: Hepatocyte-specific in vivo Ctnnb1 RNAi induces severe liver injury and a block of hepatocyte 

proliferation in CDE diet-fed mice. 

(a) C57BL6/NJ mice were placed on CDE diet for 2W. Mice were given weekly subcutaneous 
injections of GalXC or PBS one week prior to CDE diet administration and throughout the course 
of CDE diet feeding. (b) RT-PCR analysis of Ctnnb1 gene expression in whole liver lysates of 
GalXC or PBS-injected mice on CDE diet (t-test, ** = p < 0.01). (c) Significantly elevated serum 
ALT levels in GalXC-injected mice compared to PBS controls (t-test, ** = p < 0.01). (d) 
Significantly elevated serum AST levels in GalXC-injected mice compared to PBS controls (t-test, 
** = p < 0.01). (e) Whole liver lysate reveals reduction in total β-catenin and active β-catenin, as 
well as complete loss of β-catenin-target GS in GalXC-injected mice on CDE diet. (f) Significantly 
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elevated serum bilirubin levels in GalXC-injected mice compared to PBS controls (t-test, **** = 
p < 0.0001). (g) Quantification reveals significantly fewer Ki67-positive hepatocytes in GalXC-
injected mice compared to PBS-injected controls (Mann-Whitney U test, * = p < 0.05). (h) IHC 
staining reveals robust Ki67 staining of hepatocytes in PBS but not GalXC-injected animals. 
Cyclin D1 staining is significantly reduced in GalXC-injected mice, which also display a lack of 
hepatocyte-specific β-catenin staining (scale bar 50 µm). 
 

additionally confirmed reduction in both total and active β-catenin protein levels, as well as loss 

of expression of β-catenin downstream target GS, in GalXC-injected mice on CDE diet (Fig. 28E). 

Staining for Ki67 displayed robust hepatocyte proliferation in PBS-injected controls but not 

GalXC-injected mice on CDE diet (Fig. 28H), which was confirmed by quantification (Fig. 28G). 

There was also a notable decrease in Cyclin D1 staining in the livers of GalXC-injected mice on 

CDE diet (Fig. 28H). Finally, IHC for β-catenin confirmed loss of β-catenin expression specifically 

in hepatocytes of GalXC-injected mice (Fig. 28H). Collectively, these results demonstrate that 

GalXC-injected mice display increased liver injury and impairment of hepatocyte proliferation. 

3.4.8  BECs Give Rise to Hepatocytes in Ctnnb1 RNAi-Treated Mice after CDE Diet-

Induced Liver Injury 

Having proven that injection of GalXC was sufficient to block hepatocyte proliferation in 

mice on CDE diet, we developed a mouse model of Krt19-CreERT+/--driven BEC lineage tracing 

(191) in combination with hepatocyte-specific Ctnnb1 knockdown. To label BECs, tamoxifen 

was injected in Krt19-CreERT+/- mice during postnatal week one, followed by a two-week 

washout period to ensure elimination of any residual tamoxifen (Fig. 29A). Next, these mice 

were given weekly injections of GalXC throughout the course of CDE diet and recovery (Fig. 

29A). In this model, BEC-derived hepatocytes can be directly traced as they will be tdTomato-

positive (Fig. 29B). Prior to CDE diet administration, we verified that early postnatal tamoxifen 
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administration labeled only BECs and not surrounding hepatocytes (Fig. 30A), implying that any 

tdTomato-positive hepatocytes would have to arise from a pre-existing tdTomato-positive BEC. 

We additionally determined the Krt19-CreERT+/- recombination efficiency in BECs in this model 

to be approximately 50% (Fig. 30B). After CDE diet and recovery, serum liver injury markers 

were approaching normal levels in both PBS and GalXC-injected mice (Fig. 30B-D). Excitingly, 

clusters of tdTomato-positive hepatocytes which were also Hnf4α-positive (Fig. 29C) and 

CYP2D6-positive (Fig. 31A) were evident in the GalXC-injected mice but not in the mice 

injected with PBS as a control. Quantification revealed that approximately 6% of hepatocytes 

were tdTomato-positive in GalXC-injected mice after CDE diet and recovery (Fig. 29D).  

Immunofluorescence of β-catenin was strongly detected in the hepatocytes of PBS-injected 

mice but was significantly reduced in GalXC-injected mice (Fig. 29E). Importantly, tdTomato- 

positive hepatocytes were located adjacent to clusters of β-catenin-positive BECs in GalXC- 

injected mice. Finally, clusters of tdTomato-positive hepatocytes in GalXC-injected mice would 

occasionally extend all the way to the central vein, resulting in localized re-expression of β-catenin 

target GS (Fig. 31B). All together, these results demonstrate that BECs give rise to hepatocytes 

when hepatocyte proliferation is impaired, which was achieved in our model through the loss of 

β-catenin expression in hepatocytes in mice exposed to CDE diet-induced liver injury (Fig. 31C). 

3.5 Discussion 

The role of BECs in mediating LR has remained controversial, as several studies have 

reported a limited role for BEC differentiation to hepatocytes (150, 190, 278). Recent studies have 

demonstrated widespread hepatocyte senescence (191), hepatocyte ablation (232), impaired 
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Figure 29: BEC-derived hepatocytes appear in GalXC but not PBS treated mice following recovery period 

after CDE diet. 

(a) Krt19-CreERT+/- mice were given tamoxifen during postnatal week 1, followed by a 2 week 
washout. Mice were given subcutaneous injections of either GalXC or PBS one week prior to CDE 
diet administration, and injected weekly throughout the course of the experiment. Mice remained 
on CDE diet for 3 weeks followed by a 2 week recovery on normal diet. (b) After tamoxifen 
administration, BECs will be labeled with tdTomato, and GalXC injections induce hepatocyte-
specific knockdown of Ctnnb1 expression. Therefore, a BEC-derived hepatocyte will be 
tdTomato-positive and re-express β-catenin. (c) In control PBS-injected mice after CDE diet and 
recovery, BECs but not hepatocytes are tdTomato-positive. In GalXC-injected mice clusters of 
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tdTomato-positive, Hnf4α-positive hepatocytes are evident, demonstrating BEC-to-hepatocyte 
conversion (scale bar 100 µm). (d) Quantification of tdTomato, Hnf4α double-positive cells 
reveals significantly more BEC-derived hepatocytes in GalXC-injected mice compared to PBS-
injected controls (t-test, * = p < 0.05).  (e) In control PBS-injected mice, both BECs and 
hepatocytes are β-catenin-positive, but only BECs are tdTomato-positive. In GalXC-injected mice, 
hepatocytes lose cytoplasmic β-catenin-staining and clusters of tdTomato-positive hepatocytes 
(white arrows) are located periportally (scale bar 100 µm). 
 
 

 
Figure 30: BEC-derived hepatocytes begin to repopulate the liver in GalXC-injected mice. 

(a) After tamoxifen administration, only CK19-positive BECs are labeled with tdTomato. 
Expression of tdTomato is not detected in mice that do not express Cre recombinase (scale bar 100 
µm). (b) Quantification of recombination efficiency of CK19-positive cells following tamoxifen 
injections. (c) Serum ALT levels are normalizing in GalXC-injected mice after CDE diet and 
recovery. (d) Serum Bilirubin levels are normalizing in GalXC-injected mice after CDE diet and 
recovery. (e) Serum AST levels are normalizing in GalXC-injected mice after CDE diet and 
recovery. 
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Figure 31: BEC-derived hepatocytes express mature hepatocyte markers. 

(a) BEC-derived tdTomato-positive hepatocytes are positive for hepatocyte marker CYP2D6 in 
GalXC-injected mice (scale bar 100 µm). (b) BEC-derived tdTomato-positive hepatocytes in 
GalXC-injected mice extend all the way to the central vein, resulting in re-expression of β-catenin-
target GS (scale bar 100 µm). (c) Schematic illustrating key findings: when hepatocyte 
proliferation is intact (β-catenin WT hepatocytes) after CDE diet-induced liver injury, liver 
regeneration is driven by hepatocyte proliferation. When mice with hepatocyte-specific loss of β-
catenin are subjected to CDE diet, BEC-to-hepatocyte differentiation occurs to facilitate liver 
regeneration. 
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hepatocyte proliferation (187), or prolonged exposure to severe liver injury (195) can trigger 

differentiation of BECs to hepatocytes. Interestingly, a previous study reported ductular reaction 

and BEC-to-hepatocyte differentiation in aged Albumin-Cre β-catenin KO livers (284), suggesting 

expression of β-catenin in hepatocytes is important for long-term liver health. Here, we 

demonstrate that hepatocyte-specific loss of β-catenin expression in combination with CDE diet-

induced liver injury triggers severe impairment of hepatocyte proliferation and leads to 

unequivocal repopulation of liver with BEC-derived hepatocytes.  

Genetic loss of β-catenin in hepatocytes led to extensive injury in the CDE diet model with 

robust expansion of BECs in both male and female mice (data not shown). Further, knockdown of 

Ctnnb1 expression in hepatocytes via siRNA also impaired hepatocyte proliferation after CDE 

diet. Intriguingly, BEC expansion occurred normally despite β-catenin loss in these cells in 

Albumin-Cre Ctnnb1 KO mice on CDE diet. However, the appearance of active-β-catenin in KO2 

mice, which retained β-catenin expression in BECs, suggests activation of β-catenin signaling in 

this compartment during CDE diet. This observation is in accordance with previous findings that 

activation of β-catenin in reactive BECs promotes differentiation towards the hepatocyte lineage 

(210). In our model, appearance of BEC-derived hepatocytes was evident as early as 3d of recovery 

on basal diet after 2W of CDE diet, when cells positive for both BEC and hepatocyte markers 

could be observed. Excitingly, Hnf4α+/CK19+ cells have also been observed in a recent study 

demonstrating BEC-derived hepatocytes during long-term severe liver injury (195). Our results 

suggest that differentiation of BECs to hepatocytes is limited or impaired during ongoing injury 

and that a period of recovery is necessary to allow BEC differentiation to hepatocytes, as also 

shown elsewhere (184, 187, 191).  
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Greater than 99% of hepatocytes were labeled with EYFP after AAV8-TBG-Cre injection, 

and after 6 months of normal diet the numbers of EYFP-negative hepatocytes in both WT2 and 

KO2 mice were not significantly increased. Additionally, over 99% of hepatocytes were still 

EYFP-positive in both WT2 and KO2 mice after 2W of CDE diet, suggesting no significant 

population of hepatocytes escaping initial Cre-recombination, as these cells would express β-

catenin and would be expected to have a proliferative advantage during CDE diet-induced liver 

injury. In this negative tracing model, we found that after recovery, approximately 20% of 

periportal hepatocytes were BEC-derived. Interestingly, in our positive lineage tracing model, we 

found only 6% of hepatocytes were BEC-derived. This is attributable to the fact that initially only 

around 50% of BECs were labeled with tdTomato in this model, suggesting potentially 12% of 

hepatocytes were BEC-derived in our model after factoring in the limited recombination 

efficiency. Furthermore, newly BEC-derived hepatocytes may be susceptible to GalXC-mediated 

Ctnnb1 knockdown, potentially reducing their proliferation during recovery from CDE diet, 

further reducing tdTomato-positive hepatocyte numbers.    

Although our data convincingly proves the differentiation and long-term survival of BEC-

derived hepatocytes, much remains to be elucidated about both the long-term effects of BEC-

derived hepatocytes on liver health and the mechanisms underlying BEC-to-hepatocyte 

differentiation. For instance, it will be interesting to determine if BEC-derived hepatocytes are 

equally as adept at promoting resolution of liver injury, such as resolution of fibrosis. Additionally, 

while factors that promote ductular reaction are better known (285), our knowledge of the factors 

promoting BEC differentiation to hepatocytes is much more limited. Since our model establishes 

a clear timeline for BEC differentiation to hepatocytes, it will be invaluable in determining the 

factors that underlie this process. For example, as we have demonstrated the importance of β-
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catenin signaling in LR, this would potentially allow promotion of BEC-to-hepatocyte 

differentiation while circumventing activation of oncogenic β-catenin signaling in patients. 

Additionally, it will be important to determine the threshold of hepatic impairment that triggers 

BEC-to-hepatocyte differentiation, as this may lead to the development of biomarkers for patients 

with severe liver disease that are amenable to such treatments. These would be important steps in 

developing regenerative medicine therapies for the treatment of chronic liver disease.  
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4.0 Concluding Remarks and General Discussion 

4.1 Significance 

Chronic liver disease is a major public health concern which is growing in magnitude. In 

2013, chronic liver disease and cirrhosis was the 12th leading cause of death in the United States 

(286). Chronic liver disease (CLD) has many causes including viral hepatitis, alcoholic hepatitis, 

primary biliary cirrhosis, and non-alcoholic fatty liver disease (NAFLD) (222, 287, 288). Patients 

with CLD are at risk for progression to cirrhosis and/or liver failure (222, 223, 289, 290), 

conditions where the only available treatment is a liver transplant (222, 290). The scarcity of donor 

organs and mortality of patients on the waiting list means there is a great need to develop 

alternative treatments for CLD (291). Liver progenitor cells (LPCs), bipotent cells arising from the 

biliary epithelial cell (BEC) compartment, are thought to differentiate into hepatocytes to mediate 

liver regeneration only when hepatocyte proliferation is impaired (80, 175, 176, 218). In this 

dissertation, we have identified an important role for BET protein signaling in promoting 

hepatocyte proliferation after acute liver injury (216). This will be important knowledge to keep 

in mind when designing therapies involving the use of BET inhibitors, as this treatment may put 

patients at higher risk of developing liver failure with the use of over-the-counter medicines that 

contain acetaminophen.  

The mechanisms of LPC-mediated liver regeneration are poorly understood. Expansion of 

LPCs is observed in a wide range of human patients with both chronic (116, 275, 276) and acute 

liver injury (292). Therapies promoting LPC differentiation to hepatocytes could have major 

clinical benefits, as impairment of endogenous hepatocyte proliferation is thought to promote 
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progression of CLD (222). β-catenin signaling, which is important for both normal liver 

development (70, 293, 294) and regeneration after liver injury (74, 82, 97), has been implicated in 

the differentiation of LPCs to hepatocytes (210).  In this dissertation, we have identified lack of β-

catenin in hepatocytes during exposure to severe liver injury as a mechanism of impairing 

hepatocyte proliferation, leading to BEC-to-hepatocyte differentiation (188). This suggests that 

patients with innately impaired liver Wnt/β-catenin signaling may be at a higher risk of developing 

severe liver injury and progressing to cirrhosis in the context of chronic liver disease, also this 

hypothesis remains to be tested with clinical specimens. 

4.2 Future Directions: Wnt/β-catenin Signaling 

As more knowledge about the role of Wnt/β-catenin signaling in liver biology is obtained, 

it is becoming clear that Wnt/β-catenin signaling is involved in almost every aspect of liver 

function, from liver development to metabolism to regeneration. This review has also illustrated 

the diverse roles of Wnt/β-catenin signaling in nearly every cell type in the liver. As this signaling 

pathway can promote both liver injury and regeneration, therapies targeting Wnt/β-catenin 

signaling must be carefully evaluated to consider both the disease context and the targeted cell 

type. The pleiotropic nature of this signaling pathway would also necessitate the development of 

delivery methods that would minimize off-target effects of undesirable Wnt/β-catenin signaling 

inhibition in non-target cell types.  

Despite all that is known about Wnt/β-catenin signaling in liver biology, there is clearly 

still much to be discovered. For example, very little is understood about which Wnt ligands interact 

with which Frizzled receptors in many cell type and disease contexts. As there are 19 Wnts and 10 
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Frizzled receptors in the mammalian genome (39), this a problem of almost dizzying complexity. 

Additionally, the role of non-canonical Wnt signaling is liver homeostasis, disease, and 

regeneration is poorly understood. Finally, the role of Wnt/β-catenin signaling in the pathobiology 

of conditions such as steatohepatitis (92, 97), cholestasis (65), and hepatic fibrosis (295, 296) in 

human patients will need to be investigated further, as experiment evidence has implicated a role 

for Wnt/β-catenin signaling in the etiology of these conditions. Undoubtedly, future research will 

continue to identify new and exciting roles for Wnt/β-catenin signaling in liver pathobiology and 

regeneration.  

4.3 Future Directions: BEC-to-Hepatocyte Differentiation 

The current body of literature clearly indicates that there is remarkable cellular plasticity 

within the epithelial cells of the liver during hepatic injury, such that under specific circumstances 

the hepatocytes and BECs can change their cellular fate to mediate liver regeneration. 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 if there are certain 

subsets of hepatocytes and BECs which are more primed to undergo cell fate changes, and if this 

were the case, whether these subsets of cell are facultative stem cells or represent a progenitor cell 

compartment is an argument of semantics. Based on their diverse origin and their dynamic cellular 

fate in diseased liver, LPC-specific markers (or a marker which is absent in mature BECs and 

hepatocytes but expressed in a cell undergoing a cell fate conversion) are not currently available. 

Therefore, it is not feasible to distinguish LPC activation and BEC proliferation/hyperplasia to 

repair damage to biliary structures. Although several markers are suggested as LPC markers, such 



 117 

as Foxl1 (184), Lgr5 (297), Trop2 (147) and Ncam (298), these genes are not usable for detecting 

all LPC populations, as expression of these markers is most likely context-dependent. There is no 

doubt that identification of LPC-specific markers would greatly advance this field; however, it 

remains challenging to identify concrete markers for LPCs applicable to multiple disease 

conditions.   

It also remains to be seen if targeting LPCs for differentiation into hepatocytes 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 

during disease progression remains unknown. Most studies have focused on proving the 

phenomena 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 

well known to promote fibrogenesis and inflammation, is simply targeting the cells of the DR for 

conversion to hepatocytes enough to induce a restorative hepatic microenvironment? Can this 

process be achieved with enough specificity and efficiency to produce a measurable effect? 

Currently the technology for targeting BECs, the main cell type of the DR, is severely limited, 

which serves as a major roadblock to the development of new therapeutics. Many studies involved 

in promoting LPC differentiation to hepatocytes have removed the underlying liver injury to allow 

recovery and enhance LPC differentiation. This is a very unrealistic scenario in clinical practice, 

so more work will be necessary to determine the efficiency of LPC differentiation in the context 

of ongoing liver injury.  

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

to hepatic injury. It remains to be determined if activation of LPCs, or activation of BECs and 
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hepatocytes as facultative stem cells, is a viable alternative liver regeneration mechanism to 

proliferation of the endogenous epithelial cells of the liver. Nonetheless, advances in this field and 

identification of new mechanisms of liver regeneration hold great promise towards the 

development of therapies for patients with chronic liver disease.  
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