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HEPATOCYTE PLASTICITY IN LIVER REGENERATION AND CANCER 
 

by 
 

Bernadette Hsu 
 
 
 

ABSTRACT 
 
 

Cell plasticity refers to the ability of cells can convert their phenotypic identity, 

without genetic mutation, in response to environmental stimuli. In the mouse liver, 

hepatocytes and cholangiocytes have been shown to act as each other’s facultative stem 

cell in cases of severe liver injury where one cellular compartment is unable to regenerate 

itself through normal mitosis. Recently, hepatocyte plasticity has also been suggested to 

play a role in tumorigenesis as mouse hepatocytes have been shown to act as an 

alternative cell-of-origin for intrahepatic cholangiocarcinomas (ICC). However, whether 

hepatocyte plasticity is a trait unique to mouse hepatocytes or whether it is a trait shared 

with human hepatocytes remains to be determined. 

In this study, we investigate human hepatocyte plasticity during liver injury and its 

role in ICC tumorigenesis. We first establish a mouse model of Alagille syndrome lacking 

all peripheral intrahepatic bile ducts combined with severe immune deficiency. We find 

that primary human hepatocytes (pHeps) transplanted into these mice transdifferentiate 

into cholangiocytes with high efficiency and are capable of organizing to form authentic 

bile ducts that connect to a mouse’s pre-existing hilar bile ducts and drain bile. In 

humanizing the biliary system of mice, we show that human hepatocyte plasticity can be 
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leveraged to regenerate a missing biliary system, and we create a novel platform to study 

basic human cholangiocyte biology.  

We next investigate the role of human hepatocyte plasticity and its contribution to 

ICC tumorigenesis. We find that pHeps transduced with oncogenic lentiviruses and 

transplanted into an immunodeficient mouse model of chronic liver disease can develop 

into ICCs. We determine that these humanized ICCs phenotypically resemble ICCs from 

patients and we identify the minimal and necessary oncogenic combination required to 

induce pHep-to-ICC transformation. We are currently using bulk RNAsequencing to 

transcriptomically compare our humanized ICCs with patient-derived ICCs to determine 

their authenticity and to identify which gene perturbations are the crucial drivers for pHep-

to-ICC transformation. In generating a humanized mouse model of ICC from pHeps, we 

have not only proven that human hepatocytes can be the cell-of-origin for ICCs, but we 

have also opened the doors to studying this disease in a more clinically relevant context. 
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CHAPTER 1 GENERAL INTRODUCTION 
 
Cellular Plasticity 

1.1 History 

In normal tissue, cell identity remains stable after embryonic development. This 

concept was famously depicted in 1957 by British geneticist and embryologist Conrad Hal 

Waddington (1905-1975) in his epigenetic landscape (EL) illustration (Figure 1.1) [1, 2] 

where he described embryonic development as a ball rolling unidirectionally down a 

mountain into increasingly steeper valleys representing different cellular fates. As a cell 

differentiates, not only does its potential become increasingly restricted, but also the 

energy required to overcome the barrier separating one cell fate from another eventually 

becomes too high to overcome. Once a cell has reached final maturation, its identity is 

stabilized under most homeostatic conditions. 

  

Figure 1.1: CH Waddington's epigenetic landscape model 
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However, as early as the late 19th century, several lines of research showed that 

injury or extreme experimental conditions could alter the fate of developmentally mature 

cells. One of the first examples of this phenomena occurred in the late 1800s when 

researchers discovered that when the lens of adult newts was removed or damaged, iris 

pigment epithelial cells could transdifferentiate and regenerate the missing lens [3-7]. 

Later in the 1960s, John Gurdon discovered that normal feeding tadpoles could develop 

from enucleated Xenopus eggs that had been transplanted with nuclei from fully 

differentiated intestinal epithelial cells. This seminal study showed for the first time that 

the identity of a mature differentiated cell could be experimentally reversed and altered 

[8]. More recently, Shinya Yamanaka’s groundbreaking creation of induced pluripotent 

stem cells (iPSCs) through the reprogramming of adult skin cells proved that cell fate 

could not only be altered but also experimentally directed [9]. 

 These pioneering works laid the groundwork for a vast body of subsequent 

research that have explored the role of adult cell plasticity in normal in vivo regeneration, 

as well as the extent cell plasticity can be leveraged in medicine for treating patients with 

debilitating diseases. 

 

1.2 Definitions 

Broadly, cell plasticity refers to the ability of cells to convert their phenotypic 

identity, without genetic mutation, in response to environmental stimuli. These 

conversions fall into three main categories: 
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Differentiation: The process during which a progenitor/unspecialized cell takes on 

individual characteristics to reach a more mature/specialized form and function [10]. 

 

De-differentiation: The reversion of a committed or differentiated cell into a cell with 

greater developmental potential (ie: progenitor cell) [11]. 

 

Transdifferentiation: The conversion of one differentiated cell type into another. This 

conversion can occur within a germ layer or across different germ layers and may or may 

not include passage through a less-differentiated intermediate cell phase [11]. 

 

Thus, CH Waddington’s EL model can be revised to reflect these cellular conversions 

(Figure 1.2).  

   
Figure 1.2: Revised version of CH Waddington's EL model 
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Liver Injury and Regeneration 

1.3 Liver structure and development 

The liver is a solid organ located in the upper-right portion of the abdominal cavity. 

It is a highly specialized organ involved in numerous physiological functions including 

macronutrient metabolism, blood volume regulation, lipid and cholesterol homeostasis, 

and breakdown of xenobiotic compounds [12]. Hepatocytes comprise up to 80% of the 

total cell population and are largely responsible for many of the functions typically 

associated with the liver. Cholangioctyes meanwhile, are the second most abundant 

epithelial cell population in the liver after hepatocytes, and are largely responsible for 

modifying and transporting bile from the liver to the duodenum of the small intestine [12]. 

In addition to these two main cell populations, stellate cells, Kupffer cells, and sinusoidal 

endothelial cells are other key cells in the liver that are critical for normal homeostasis 

and function [12]. 

The liver is composed of repeating structural units called lobules which typically 

take on the shape of a hexagon centered around the central vein. At each vertex is a 

portal triad consisting of a hepatic artery, a portal vein, and bile ducts. Oxygen-rich blood 

from the hepatic artery and nutrient rich blood from the portal vein mix and flow from the 

portal triad into the central vein creating three distinct zones within the lobule that differ in 

metabolic gene expression and function [12] (Figure 1.3). 
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Figure 1.3: Structure of the liver and liver lobule 
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In development, hepatocytes and cholangiocytes derive from the hepatoblast, a 

common bipotent progenitor, (Figure 1.4), which is specified from cardiac mesoderm-

induced fibroblast growth factor (FGF) and septum transversum mesenchymal cell-

induced bone morphogenetic protein (BMP) signaling in the ventral foregut of the embryo. 

After specification, hepatoblasts bud into the stroma to form the hepatic diverticulum or 

the liver bud and further differentiation into cholangiocytes or hepatocytes begins. Both 

cholangiocyte and hepatocyte specification is dependent on spatiotemporal gradients in 

Notch, Wnt, transforming growth factor-b (TGFb), and FGF signaling produced by 

endothelial and mesenchymal cells within the portal mesenchyme. Hepatoblasts found 

closest to the portal mesenchyme will differentiate into cholangiocyte-like cells and which 

then organize to form a ductal plate, while hepatoblasts found further away from the 

influences of the portal mesenchyme will differentiate into hepatocytes [12-14]. Of the 

pathways that influence cholangiocyte differentiation, Notch signaling is critical for proper 

cholangiocyte differentiation and tubulogenesis. Patients with mutations in Jagged1, the 

primary Notch ligand, or in Notch 2 develop Alagille syndrome, a cholestatic disease that 

manifests when the liver is unable to form proper intrahepatic bile ducts [12-14]. 

Hepatocyte specification meanwhile, is dependent on factors such as oncostatin M 

produced by hematopoietic cells, hepatocyte growth factor (HGF) produced by 

endothelial cells, and tumor necrosis factor (TNF) produced by Kupffer cells [12-14]. 
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1.4 Liver injury and regeneration 

 
The unique regenerative capacity of the liver has been documented since as early 

as the ancient Greek times. In the Greek myth of Prometheus for instance, Zeus the king 

of Olympian gods, punishes the titan Prometheus for stealing fire to give to humanity by 

chaining Prometheus to a rock and sending an eagle to feed on his liver. Each night 

however, Prometheus’s liver regenerates to its original size so that it can be eaten by the 

eagle the subsequent day, condemning Prometheus to eternal torment.  

We now know that liver regeneration is dependent on both the type and extent of 

liver injury. In acute liver injuries such as in surgical hepatectomy, the liver restores to full 

size through a process called compensatory hypertrophy (increase in cell size) followed 

by hyperplasia (increase in cell number). Experimental rodent models with two-thirds of 

partial hepatectomy have shown that following resection, the remaining hepatic tissue 

undergoes one round of DNA synthesis within the first 36 hours and the aggregate 

equivalent in mass of the original liver restores within 5-7 days post-surgery [15, 16]. 

Figure 1.4: Hepatoblast differentiation 
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Using these models, various mitogens that influence hepatocyte proliferation and liver 

regeneration have been identified including HGF, FGF, TNF, IL6, bile acids, etc [15, 16], 

of which, HGF and its receptor cMet have been found to be critical. HGF plasma levels 

sharply rise shortly following hepatectomy [16-18] and a diminished regenerative 

response is observed when cMet is genetically eliminated from the liver [19, 20]. 

However, despite the importance of the HGF signaling axis, there is no known single 

signaling pathway that completely inhibits liver regeneration. Thus, regeneration after 

acute liver injury is an intricately complex process that likely requires cross-talk and 

coordination of several extracellular signals. 

Most forms of liver regeneration after injury occur through the mitosis of existing 

mature cells rather than through the differentiation of a stem cell or progenitor cell 

population. In these cases, mature hepatocytes divide and give rise to hepatocytes while 

mature cholangiocytes divide and give rise to cholangiocytes (Figure 1.5). However, 

whether all hepatocytes are equally capable of contributing to regeneration or whether 

some heterogeneous populations of hepatocytes are more primed to participate in 

regeneration is a topic that is currently being hotly debated. Some studies have suggested 

that hepatocytes located around the central vein exhibiting high WNT activity [21] or 

hepatocytes distributed throughout the lobule exhibiting high telomerase activity [22] may 

act like facultative stem cells and clonally expand during liver homeostasis and injury to 

maintain hepatocyte mass. More recent studies however, have challenged these findings 

by demonstrating that all hepatocytes, regardless of location in the lobule, participate 

equally in regeneration after injury [23, 24]. Regardless, in either case, regeneration of 
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liver cell mass after acute injury typically occurs through hepatocyte proliferation and not 

through differentiation of a stem cell population. 

In severe cases of liver injury where hepatocytes or cholangiocytes are unable to 

regenerate their own cellular compartment through normal mitosis, the other epithelial 

compartment can act as a facultative stem cell [16] (Figure 1.5). Several lineage tracing 

studies in mice have now shown that when hepatocyte regeneration is impaired due to 

liver injury, cytokeratin-19 (KRT19) positive biliary cells can transdifferentiate into 

hepatocytes to restore the liver [25, 26]. Likewise, in toxic liver injuries that result in a 

ductular response, such as through administration of DDC diet, lineage-labeled 

hepatocytes convert into cells that closely resemble normal biliary cells morphologically, 

structurally, and molecularly [28]. In a similar vein, our lab has shown that in a mouse 

model of the human disease Alagille syndrome, where intrahepatic bile ducts fail to 

develop at birth, permanent hepatocyte-to-cholangiocyte conversion was responsible for 

regenerating the biliary system of these mice in adulthood [27]. We found that in the 

absence of Notch signaling and HNF6 expression, TGFb signaling drove compensatory 

bile duct formation through the transdifferentiation of hepatocytes into cholangiocytes, 

eventually allowing mice to recover from severe cholestatic liver disease [27]. 

Collectively, these studies highlight the many faces of regeneration in the mouse 

liver. Although most regeneration occurs through mitosis of mature adult cells without loss 

of cell identity, specific liver injuries can create environments in which mouse hepatocytes 

and cholangiocytes interconvert between one another to aid in regeneration. However, 

whether this intrinsic cell plasticity is a trait shared with human hepatocytes and 

cholangiocytes remains to be determined. 
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Figure 1.5: Types of regeneration in the liver 
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Intrahepatic cholangiocarcinoma 

 
1.5 Introduction: risk factors, prevalence, and prognosis 
 

Cholangiocarcinomas (CCAs) are a highly heterogeneous group of malignant 

tumors that can arise at any point along the biliary tree. After hepatocellular carcinoma, 

CCAs are the second most common form of primary liver cancer comprising of 

approximately 15% of all primary liver tumors [30].  

 

Globally, the highest rates of CCA occur in East Asia and northern and central 

Europe [31, 32] with the highest known rates occurring in Northeast Thailand where the 

Image courtesy of (Banales, et al., 2020) 

Figure 1.6: Global incidence of cholangiocarcinoma 



 12 

incidence is >80 per 100,000 population [33] (Figure 1.6). Among the known risk factors 

for this disease are hepatobiliary flukes, primary sclerosing cholangitis (PSC), biliary tract 

cysts, hepatolithiasis, and toxins associated with biliary inflammation [33]. Other potential 

risk factors include cirrhosis, chronic hepatitis B or C infection, obesity, diabetes, and 

alcohol [33], although these risk factors are similar to those for HCC. Several risk factors 

are regionally dependent. In Southeast Asia, for instance, the greatest risk factor for CCA 

is hepatobiliary flukes [34], while in South Korea and China where hepatitis B is endemic, 

hepatitis B is more consistently associated with CCA [34]. In Japan, the US, and Europe, 

hepatitis C has a stronger association with CCA [34]. Most CCAs however, arise de novo 

without any recognizable risk factors [34]. 
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CCAs are subdivided into three different types depending on their anatomical 

location: intrahepatic (ICC), perihilar (PCC) and distal (DCC) cholangiocarcinoma (Figure 

1.7). ICCs are tumors that arise along the biliary tree within the liver itself, while PCCs 

and DCCs are collectively considered extrahepatic CCAs (ECCs) because they arise 

outside the liver: PCCs arise proximal to the origin of the cystic duct, while DCCs arise 

anywhere between the cystic duct and the ampulla of Vater of the duodenum [32].  

 
In the United States, PCCs account for approximately 50-60% of all CCAs while 

DCCs and ICCs account for 20-30% and 10-20% of all CCAs, respectively [32, 34]. 

Importantly, ICCs and ECCs differ in risk factors, pathobiology, and clinical presentation. 

[32]. While the age-standardized incidence of ECCs has been decreasing for the past few 

decades, incidence for ICC has been steadily increasing [32, 35]. Worldwide, there has 

also been a general upward trend in mortality due to ICC [31] with a large part of this likely 

Figure 1.7: Anatomical locations of cholangiocarcinomas 
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due to the fact that ICC is often diagnosed when the disease has already progressed to 

advanced stages. Patients are typically asymptomatic in the early stages of the disease 

and although jaundice is a frequent symptom of ECC due to biliary tract obstruction [32, 

36], jaundice is less frequently observed in patients with ICC [32, 36]. In fact, in 20-25% 

of cases, ICC is actually an incidental finding in patients when cross-sectional imaging is 

performed for other reasons [32]. Because of the difficulty in early diagnosis of ICC, 

therapeutic options remain limited for patients [31] and in the United States specifically, 

the 5-year survival rate after diagnosis is low at 9% [37].  

 
1.6 ICC heterogeneity and molecular pathogenesis 
 

 

ICCs are heterogeneous in growth pattern and typically present as either mass-

forming, periductal infiltrating, or intraductal growing [32, 38] (Figure 1.8). Mass-forming 

ICCs are located in the liver parenchyma and form a definite round-shaped mass without 

Figure 1.8: Typical ICC growth patterns 
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invading into a major branch of the portal triad [39, 40]. Periductal infiltrating ICCs are 

characterized by their longitudinal extension along the bile duct [39, 40] and intraductal 

ICCs are characterized by their proliferation towards the lumen of the bile duct [39, 40]. 

These growth patterns are also associated with the two main histological subtypes of 

ICCs: small duct-type and large duct-type. Small duct-type ICCs are thought to arise from 

small interlobular cuboidal cholangiocytes [32, 38] and exhibit similar risk factors as HCCs 

such as viral hepatitis and non-biliary cirrhosis [40]. These types of tumors can often go 

unnoticed until they reach relatively large sizes [40] and are more typically found in the 

peripheral hepatic parenchyma [40]. Small duct-type ICCs generally display mass-

forming patterns of growth [40]. Large duct-type ICCs in contrast, are thought to derive 

from columnar or mucinous cholangiocytes that line the peribiliary glands [32, 38] . They 

are typically associated with liver fluke infection and primary sclerosing cholangitis [40]. 

Mucus secretion is fairly common in large duct-type ICC and it is considered an invasive 

tubular adenocarcinoma with desmoplastic reaction [40]. Metastasis to the lymph nodes 

is frequently observed in this type of ICC [40]. 

ICCs are also genetically heterogenous. In one particular study, no single gene 

mutation was observed in >25% of tumors that were screened [41] pointing to a large 

diversity in genetic aberrations associated with the disease. The most frequently mutated 

somatic and potential driver genes in ICCs are tumor protein 53 (TP53; 6.3%-44.4% of 

cases) [41-43], v-Ki-ras2 Kirsten rat sarcoma viral oncogene homologue (KRAS; 3.1%-

16.7% of cases) [41-43], SMAD family member 4 (SMAD4; 0.0%-16.7% of cases), 

Isocitrate dehydrogenase 1 (IDH1; 4.9%-12.5% of cases) [41, 42, 44], Isocitrate 

dehydrogenase 2 (IDH2; 0.0%-6.25%) [41, 42, 44], and AT-rich interaction domain 1A 
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(ARID1A; 6.9%-18.8% of cases) [41, 42]. These genetic aberrations tend to fall into the 

following signaling pathways: cell-cycle signaling (p53/cell cycle; 43.7% of cases) [42], 

Ras/phosphatidylinositol-4,5-bisphosphate 3-kinase signaling (Ras/PI3K; 69.9% of 

cases) [42], and TGFb-signaling (TGFb/SMAD4; 16.5% of cases) [42].  

 

1.7 Hepatocytes as the cells-of-origin for ICCs 
 

Because of their appearance and anatomical location, ICCs have historically been 

thought to originate exclusively from either transformed cholangiocytes or liver progenitor 

cells (LPCs) [45, 46]. More recently however, lineage conversion of malignant 

hepatocytes has been proposed as an alternative mechanism of ICC formation. In 2012, 

two groups, Fan et., al (2012) and Sekiya and Suzuki (2012), both independently provided 

direct evidence demonstrating that murine hepatocytes could transform into ICC [45, 47]. 

Both studies identified Notch overexpression as a key driver in murine hepatocyte-to-ICC 

conversion. In Fan’s study, the intracellular domain of the NOTCH 1 receptor (NICD) was 

co-overexpressed with human AKT in the livers of mice using a sleeping beauty 

transposase-mediated genomic transgene integration system paired with a hydrodynamic 

tail-vein injection (HDTVI) delivery method. 4.5 weeks after injection, mice developed 

numerous large ICCs that were lineage-traced back to hepatocytes [45]. In Sekiya and 

Suzuki’s study, mice administered thioacetamide (TAA) long-term developed ICCs which 

were lineage-traced back to hepatocytes residing at the periphery of the central vein in 

hepatic lobules [47].The group implicated Notch signaling in inducing hepatocyte-to-ICC 

conversion when they found that constitutive expression of NICD1 in mice increased while 

removal of the Notch effector gene Hes1 decreased the number and rate of formation of 
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neoplastic nodules after TAA administration [47]. Together, these studies were the first to 

demonstrate that oncogenic overexpression in hepatocytes could lead to ICC malignant 

transformation.   

Later, Seehawer et al. showed that the hepatic microenvironment could also 

epigenetically influence linage commitment in mosaic mouse models of liver 

tumorigenesis [48]. In this study, oncogenic mouse Myc and mouse NrasG12V were co-

delivered to p19Arf/-/- mice using a sleeping beauty transposase and HDTVI delivery 

system to induce HCC [48]. However, when the group subjected mice to in vivo focal 

electroporation, they found that this type of injury caused mice to develop either ICC or 

combined ICC-HCC at the focal electroporation site [48]. Lineage-tracing showed that 

these tumors originated from hepatocytes receiving both oncogenic Myc and NrasG12V 

plasmids [48]. Seehawer, et al., then determined that hepatocyte transformation into ICC 

or HCC depended on the cytokine microenvironment. Hepatocytes with aberrantly 

activated oncogenes were found to develop into ICCs in a predominantly necroptotic 

microenvironment, marked by high expression of the protein Receptor Interacting 

Serine/Threonine Kinase 3 (RIPK3) [48], while hepatocytes with the same oncogenic 

drivers in an apoptotic microenvironment transformed into HCCs. Using epigenome and 

transcriptome profiling, the group identified the genes T-Box Transcription Factor 3 

(TBX3) and PR/SET Domain 5 (Prdm5) as potential epigenetic regulators of hepatic 

lineage-commitment in this setting [48]. Thus, this study highlights how the hepatic 

microenvironment plays a cooperative role with oncogenic drivers in hepatocyte lineage 

commitment. 
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 Since 2012, multiple genetically engineered mouse models of ICC have been 

developed that take advantage of the innate plasticity of mouse hepatocytes [49-51]. 

However, whether human hepatocytes are also capable of malignantly transforming into 

ICC is still largely unknown. One of the first lines of evidence pointing at a possible 

hepatocyte origin for human ICC came from Sun, et al.’s study in 2019. In this study, Sun, 

et al., established human induced hepatocytes from fibroblasts and expanded them as 

liver-like organoids using simian virus 40 large T antigen (SV40LT) [52]. The group found 

that forced expression of the c-Myc oncogene in these liver organoids induced the 

development of liver cancers after in vivo transplantation that had histological features 

recapitulating those of c-Myc-positive human HCCs [52].  Meanwhile, overexpression of 

RASG12V in these liver organoids induced the development of liver cancers after 

transplantation with features typical of ICC [52]. Interestingly, overexpression of Yes-

associated protein 1 (YAP5SA), NICD, IDH1R132C, IDH2R172K, or AKT oncogenes all 

capable of transforming mouse hepatocytes into ICCs - could not induce ICCs in vivo 

from human induced hepatocyte liver organoids [52], highlighting the importance of 

modeling ICC in a human context. While genetically-engineered mouse models have 

provided powerful information about the oncogenic signaling mechanisms and cascades 

that potentially govern hepatocyte-to-ICC transformation, mouse and human hepatocytes 

still have key differences in their transcription factor network, susceptibility to oncogenes, 

and metabolic activities [53, 54] all of which affect the generalizability of conclusions made 

from mouse models. 
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Humanized mouse models 

 
Laboratory animals and in vitro cell lines do not always faithfully predict or model 

the human condition. In the liver, it is well known that mice and humans vary in the 

expression of metabolic pathways that regulate drug, xenobiotic metabolism, and 

excretion, and have differing susceptibilities to viral and parasitic infections and 

tumorigenesis [55, 56]. Human hepatocyte-derived cell lines meanwhile, have been 

unable to replicate normal liver levels of metabolic activity [56]. To overcome the 

shortcomings of genetically modified mouse models and human hepatocyte cell lines, 

recent efforts have been aimed at developing models in which human hepatocytes can 

be studied an in vivo environment through the humanization of livers in immunodeficient 

mice.  

Figure 1.9: Livers of uPA/SCID and FRG mice can be highly repopulated with 
human hepatocytes 
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There are two main properties required to humanize the livers of mice: 1) 

immunodeficiency of the host animal so that xenograft of human hepatocytes will be 

tolerated; and 2) genetic alterations in the mouse liver that over time will result in the loss 

of native mouse hepatocytes. The loss of native hepatocytes allows transplanted human 

hepatocytes to engraft and have a proliferative advantage in the mouse liver. Currently, 

there are two main approaches for of generating mice with highly humanized livers: 1) 

using urokinase-type plasminogen activator (uPA) combined with severe combined 

immunodeficiency (SCID) (uPA/SCID); 2) using deletion of the fumarylacetoacetate (Fah) 

gene combined with knockouts in recombinant activation gene-2 (Rag2) and interleukin 

2 receptor common gamma chain (Il2rg) to create the (FRG) mouse model. In the 

uPA/SCID mouse model, animals are rendered immunodeficient by SCID and liver 

damage is achieved through liver-specific expression of uPA. Accumulation of uPA 

causes cell damage through the intracellular activation of plasminogen and plasmin which 

stimulate proteolytic damage inside hepatocytes at the endoplasmic reticulum [56]. In the 

FRG model, animals are rendered immunodeficient through deletion of Rag2 and Il2rg 

while loss of the Fah gene leads to the toxic accumulation of the tyrosine catabolic 

metabolite fumarylacetoactetate which induces chronic liver damage. [56, 57] 

Administration of the drug 2-(2-nitro-4 trifuloro-methylbenzoyl) 1,3-cyclohexedione 

(NTBC) to FRG mice blocks the accumulation of fumarylacetoacetate and can 

preventliver damage. Animals therefore can be maintained in a healthy state by cycling 

mice on NTBC, while selective pressure for the repopulation of the liver with transplanted 

hepatocytes can be applied by cycling mice off of NTBC. Both uPA/SCID and FRG mouse 

models are capable of achieving high levels of repopulation with human hepatocytes 



 21 

(>90%) [56]. Table 1.1 shows a comparison in properties between the uPA/SCID and 

FRG mouse models. 

 
Mice highly repopulated with human hepatocytes have been effectively used to 

study human metabolic genes and pathways in the liver [56]. However thus far, there has 

been no study that has used humanized mice to investigate human liver tumorigenesis 

nor has there been any published attempt to humanize the biliary system of mice. 

 

Table 1.1: Comparison of humanized mouse liver models 

Properties uPA/SCID FRG 

Extensive liver humanization + + 
Controllable selection - + 
Genotype reversion + - 
Age of transplant Pre-weaning Any age 
Breeding efficiency Low High 
Bleeding + - 
Renal damage after 
repopulation 

+ - 

Serial transplantation - + 
*adapted from (Strom S., et al., 2010) [56] 
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CHAPTER 2 DEVELOPING MICE WITH A HUMANIZED BILIARY 
SYSTEM 

 

ABSTRACT 

Humanized mouse models have proven useful for basic and translational research. Mice 

with a humanized biliary system could be used to advance our understanding of human 

cholangiocyte biology under homeostatic and injury conditions. To generate such mice, 

we established severe immune deficiency in a mouse model of Alagille syndrome lacking 

all peripheral intrahepatic bile ducts. We found that human hepatocytes transplanted into 

these mice transdifferentiate into cholangiocytes with high efficiency. Moreover, the 

human hepatocyte-derived cholangiocytes organize to form bile ducts that connect to the 

mice’s pre-existing hilar bile ducts and drain bile. When challenged by toxin-induced 

biliary injury, the human bile ducts expand and form a ductular reaction. By modeling the 

normal or injured human biliary system, our mice may aid the development of new 

therapies for biliary diseases. 

 
INTRODUCTION 

Biliary diseases account for a large portion of both pediatric and adult liver 

transplantations [58]. For pediatric liver transplant recipients, cholestatic biliary atresia 

remains the leading cause of liver failure, and accounts for 33.5% of cases between 2017-

2019 [58]. Despite the clinical significance of biliary diseases though, human primary 

cholangiocytes remain difficult to isolate and expand in vitro. Our understanding of 

cholangiocyte biology and disease development therefore has been limited to murine 

models of biliary disease.  
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Humanized mouse models have been an invaluable resource for the in vivo study 

of human cells, tissues, and organs. Mice with highly humanized livers derived through 

the transplantation of human hepatocytes into immunodeficient mice with genetically 

induced hepatocyte damage have advanced studies of drug metabolism, toxicology, and 

virology [56]. However, current humanized liver models retain the native mouse biliary 

system. 

  We have previously shown that severe cholestatic injury in a mouse model that 

mimics human Alagille syndrome induces mouse hepatocytes to transdifferentiate into 

mature cholangiocytes [27]. After transdifferentiation, these cholangiocytes organize and 

form bile ducts that are capable of draining bile and reversing cholestasis [27]. Here, we 

generated immunodeficient mice with severe cholestatic injury due to lack of peripheral 

intrahepatic bile ducts. Using this model, we demonstrate that immune cells are not 

required for hepatocyte-to-cholangiocyte transdifferentiation and find that hepatocyte-

derived cholangiocytes clonally expand to form the biliary system de novo. We tracked 

the dynamics of NOTCH-signaling competent hepatocyte-to-cholangiocyte 

transdifferentiation and found that changes in hepatocyte morphology precede changes 

in cholangiocyte marker expression. Finally, through in vivo transplantation of primary 

human hepatocytes, we were able to successfully create mice with a humanized biliary 

system. 
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RESULTS 

2.1 Generation of immunodeficient mice lacking peripheral intrahepatic bile ducts 

To generate immunodeficient mice lacking peripheral intrahepatic bile ducts, 

immune-competent mice mimicking human Alagille syndrome through the deletion of the 

NOTCH signaling effector Rbpj and the transcription factor Onecut1 (aka HNF6) using 

Cre expression under the albumin (Alb) promoter, were bred to immunodeficient mice 

lacking T-cells, B-cells, and NK-cells through deletion of the genes Rag2 and Il2rg to 

create Alb-Cre+/- Rbpjf/fOnecut1f/f IL2Rg-/-- Rag2-/- (ROGR) mice (Figure 2.1a). Like their 

immune-competent counterparts, ROGR mice lack peripheral bile ducts at birth and as a 

result, develop severe cholestasis and bile plaques that induce liver necrosis and fibrosis 

as early as P30 (Figure 2.1a, b). However, ROGR mice are capable of forming peripheral 

bile ducts and a functional biliary tree postnatally. Using retrograde ink injection through 

the common bile duct, we found that by P130, ROGR mice have fully regenerated a biliary 

system that is capable of draining bile and that persists through the remaining lifespan of 

the mice (Figure 2.1b). Once the biliary system of the liver is regenerated, cholestasis-

induced liver fibrosis and necrosis are also concomitantly resolved (Figure 2.1b). In 

immune-competent Alb-Cre+/-Rbpjf/fOnecut1f/f mice, we found that regeneration of the 

biliary system was due to hepatocytes transdifferentiating into cholangiocytes [27]. Since 

similar post-natal biliary regeneration was observed in the immunodeficient ROGR mice, 

our findings suggest that the lack of T-cells, B-cells, and NK-cells does not influence 

hepatocyte-to-cholangiocyte conversion and de novo formation of the biliary system. 
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Figure 2.1: Immunodeficient ROGR mice lack peripheral bile ducts at birth but can 
regenerate the biliary system postnatally. 

a, Alb-Cre+/- Rbpjf/f Onecut1f/f mice were bred to IL2rg-/- Rag2-/- mice to generate Alb-Cre+/- 
Rbpjf/f Onecut1f/f IL2rg-/- Rag2-/- (ROGR) mice. (Right) Liver bile plaques in a P30 ROGR 
mouse. b, Biliary tree visualization by retrograde ink injection into the common bile duct 
(top), hematoxylin and eosin (HE) staining (middle), and Sirius Red staining of P30, P130, 
and P365+ ROGR mice. Scale bar, 100µm. 
 



 26 

2.2 Dynamics of hepatocyte-to-cholangiocyte conversion and expansion 
 

We previously showed that NOTCH signaling competent wild-type hepatocytes 

transplanted into Alb-Cre+/-Rbpjf/fOnecut1f/f mice convert into cholangiocytes and can 

produce donor hepatocyte-derived biliary ducts in recipient mice within 30 days after 

transplantation [27]. To track the dynamics of hepatocyte-to-cholangiocyte conversion, 

we transplanted P43 ROGR mice with hepatocytes isolated from a P287 Alb-Cre+/−R26R-

ZsGreen+/+ mouse (Figure 2.2a). We traced cells after transplantation and found that they 

began losing hepatocyte morphology within 3 weeks after transplantation and began 

expressing the biliary markers epithelial cell adhesion molecule (EPCAM), osteopontin 

(OPN), and SRY-related HMG-box 9 (SOX9) 5 weeks after transplantation (Figure 2.2b). 

This suggests that in hepatocyte-to-cholangiocyte conversion, morphological changes 

precede upregulation of cholangiocyte marker expression. 

Next, we investigated whether hepatocyte-derived cholangiocytes clonally expand 

to regenerate the biliary system. To do this, we used the adeno-associated virus AAV8-

Ttr-Cre to stochastically label hepatocytes from a P75 Rainbow+/- donor mouse with one 

of four fluorescent proteins (Figure 2.3a). After labeling, we isolated hepatocytes from the 

AAV8-treated Rainbow+/- mice at P82 and transplanted donor hepatocytes into P31 

recipient ROGR mice. Recipient mice were allowed to fully regenerate their biliary 

systems for 90 days (Figure 2.3a). Using maximum projection and immunofluorescence, 

we identified whole sections of peripheral bile ducts composed of cholangiocytes that 

solely expressed one of the four fluorescent proteins from the donor Rainbow+/- mouse 

(Figure 2.3b). This indicates that the donor hepatocytes converted into cholangiocytes 

that clonally expanded to regenerate entire biliary ducts. We observed a wide range in 
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cholangiocyte clone sizes ranging from 1 cell to 59 cells (Figure 2.3b) suggesting that 

there may be heterogeneity in either how quickly hepatocytes convert to cholangiocytes, 

or cholangiocyte clonal proliferation.  
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Figure 2.2: NOTCH competent mouse hepatocytes transplanted into ROGR mice 
convert into cholangiocytes within 5 weeks after transplantation. 

a, Experimental design for hepatocyte transplantation. b, Immunohistochemistry of livers 
for biliary markers EPCAM, OPN, and SOX9 in a mouse transplanted at P43 at 1-week, 
3-weeks, and 5-weeks post-transplantation. 
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Figure 2.3: NOTCH-competent mouse hepatocytes clonally expand and organize 
to form peripheral biliary ducts. 

a, ROGR mice were transplanted with hepatocytes isolated from a Rainbow+/- mouse 
injected with AAV8-TBG-Cre virus to track clonal expansion. b, Maximum projection and 
immunofluorescence for EPCAM and mORANGE-expressing clone (left). 3D projection 
and immunofluorescence for EPCAM of a GFP-expressing clone (right). 
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2.3 Creating mice with a humanized biliary system 

To investigate whether human hepatocytes are also capable of transdifferentiating 

into cholangiocytes and regenerating the biliary system, we transplanted primary human 

hepatocytes (pHeps) into P31 ROGR mice (Figure 2.4). Like mouse hepatocytes, pHeps 

converted into cholangiocytes that express mature biliary markers including pan-

cytokeratin (panKRT), human EPCAM (huEPCAM), human cytokeratin 7 (huKRT7), and 

human cytokeratin 19 (huKRT19). Using retrograde ink injection, we observed that pHep-

derived cholangiocytes organized and formed peripheral bile ducts that connected to pre-

existing hilar ducts to drain bile (Figure 2.4). These results indicate that like mouse 

hepatocytes, human hepatocytes are also innately capable of undergoing hepatocyte-to-

cholangiocyte conversion to regenerate a missing biliary system. 

We next tested whether pHep plasticity is dependent on donor age by transplanting 

pHeps from three different human donors into ROGR mice. We found that not only were 

all pHeps from donors ranging from 1-15 years old (y) capable of transdifferentiating into 

cholangiocytes, but pHeps isolated from a patient with Alagille syndrome (heterozygous 

mutation in JAGGED1; JAG+/-), were also capable of transdifferentiating and forming 

peripheral bile ducts (Figure 2.5). Thus, hepatocyte plasticity appears to be maintained 

well after birth and our results suggest that in patients with Alagille syndrome, the native 

hepatocytes could be potentially used as a source for regenerating the biliary system.  

Next, we investigated the authenticity of these pHep-derived cholangiocytes by 

challenging pHep-transplanted ROGR mice with severe cholestatic injury to assess 

response to biliary injury. To do this, we placed pHep-transplanted ROGR mice on 3,5-

diethoxycarbonyl-1,4-dihydrcollidine (DDC) diet for 4 weeks to induce severe cholestasis. 
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Afterwards, we found that pHep-derived cholangiocytes appropriately generated a 

ductular reaction in response to DDC, underscoring the authenticity of these 

transdifferentiated human cholangiocytes (Figure 2.5). 
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Figure 2.4: Primary human hepatocytes can transdifferentiate into cholangiocytes 
and form peripheral bile ducts after transplantation into ROGR mice 

(Top) P31 ROGR mice were transplanted with pHeps from a 1y donor and allowed to fully 
regenerate their biliary systems. (Bottom left) Immunofluorescence for pan-cytokeratin 
(panKRT), human Nuclei (huNuclei), human cytokeratin 7 (huKRT7), and human KRT19 
(huKRT19). Peripheral bile ducts stained with panKRT and human Nuclei, or human 
EPCAM, and associated Brightfield image of section with retrograde ink injection 
visualization. 
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Figure 2.5: Primary human hepatocyte conversion to cholangiocytes and 
response to severe cholestatic injury. 

a, Immunofluorescence images for panKRT and huNuclei of converted hepatocytes from 
a 15y donor and 2y Alagille patient (JAG+/-) donor. b, Immunofluorescence images for 
panKRT, huNuclei, KI67, and huEPCAM of a P26 ROGR mice transplanted with 
hepatocytes from a 1y donor. At P104, transplanted ROGR mice were put on DDC diet 
for either 7 days or 4 weeks to induce severe cholestatic injury. 
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DISCUSSION 

 
Hepatocyte plasticity has increasingly been found to play a role in liver 

regeneration after injury. However, the mechanisms that govern when and how 

hepatocytes switch their fate in vivo and whether this cellular plasticity is relevant to 

humans still remain unknown. In order to investigate some of these lingering questions, 

we generated immunodeficient ROGR mice that develop peripheral bile ducts post-natally 

from hepatocyte-to-cholangiocyte transdifferentiation. Using these mice, we found that T-

cells, B-cells, and NK-cells are not required for hepatocyte-to-cholangiocyte 

transdifferentiation suggesting that cellular conversion is not impaired by the lack of an 

adaptive immune system. We tracked the dynamics of hepatocyte conversion by 

transplanting WT hepatocytes into ROGR mice and discovered that hepatocyte 

conversion occurs 5 weeks after transplantation. We found that after hepatocytes have 

converted into cholangiocytes, these cells clonally expand to regenerate entire bile ducts. 

Finally, by transplanting human hepatocytes into ROGR mice, we discovered that 

hepatocyte plasticity is relevant to humans as pHeps transplanted into ROGR mice were 

also capable of transdifferentiating into cholangiocytes and forming authentic humanized 

peripheral bile ducts that connect to the existing perihilar biliary system. Upon challenge 

by severe cholestatic injury, we found that these newly formed humanized bile ducts 

generate a ductular reaction indicating they authentically recapitulate normal 

cholangiocyte functions. 

 The ROGR mouse provides a unique opportunity to study the signaling 

mechanisms and dynamics driving transdifferentiation of both mouse and human 

hepatocytes in vivo. For instance, by itself bile duct paucity does not appear to be a strong 
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enough driving force to induce hepatocyte-to-cholangiocyte conversion. In preliminary 

studies, we found that when YAP-signaling competent hepatocytes obtained from an Alb-

Cre+/−R26R-ZsGreen+/+ donor were transplanted into immunocompromised Alb-Cre; 

Yapf/f Il2rg-/- recipient mice, the donor hepatocytes fail to transdifferentiate and proliferate. 

This observation points to a microenvironmental trigger, potentially from the cholestasis-

induced liver fibrotic environment or from the cytokine milieu, that uniquely promotes 

transdifferentiation of hepatocytes into cholangiocytes in the ROGR mice. Therefore, 

identifying the components that differentiate the microenvironment of the ROGR mice 

from that of other mouse models of bile duct paucity could provide key information about 

the environmental triggers that can potentially induce hepatocyte-to-cholangiocyte 

transdifferentiation.  

Additionally, the ROGR mice could also be used to elucidate the signaling 

mechanisms that are essential for defining hepatocyte identity. For instance, 

transplantation of genetically altered hepatocytes into ROGR mice could help to 

determine which signaling pathways are necessary and required for hepatocytes to 

convert into cholangiocytes. In the present study and in our previous study [27], we 

showed that wild-type human and mouse hepatocytes, mouse hepatocytes from an Alb-

Cre+/-Rbpjf/fOnecut1f/f donor and human hepatocytes from a JAG+/- Alagille patient are all 

capable of transdifferentiating into cholangiocytes after transplantation into ROGR mice. 

However, it is unclear if for instance, hepatocytes from Alb-Cre; Yapf/f mouse donors will 

transdifferentiate since intact YAP has been shown to be required for normal bile duct 

development [59]. Thus, if we discovered that transplanted hepatocytes without intact 



 36 

YAP transplanted into ROGR mice were unable to convert into cholangiocytes, we could 

conclude that YAP signaling is required in order for hepatocytes to switch identities. 

Finally, ROGR mice provide a useful opportunity to study basic human 

cholangiocyte biology. Current methods for studying human cholangiocyte biology are 

restricted to in vitro cell lines that have oncogenic or immortalizing genetic alterations. By 

humanizing the biliary system of ROGR mice, we will be able to study human 

cholangiocyte biology, function, and response to injury in a more natural and appropriate 

in vivo context. This new information could then be leveraged to generate more clinically 

relevant therapies for adult and pediatric patients with biliary diseases. 
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METHODS 

 
Mice. FAH-/-/ Rag2-/-/ IL2Rg-/- mice on the non-obese diabetic (NOD)-background (FRGN) 

were bred to Alb-Cre+/- Rbpjf/fOnecut1f/f mice to generate Alb-Cre+/- Rbpjf/fOnecut1f/f IL2Rg-

/-- Rag2-/- (ROGR) mice. All mice were kept under barrier conditions. All procedures were 

approved by the Institutional Animal Care and Use Committee at UCSF. 

 

Primary hepatocytes. Cryopreserved human hepatocytes (pHeps) from a 14- month-old 

Hispanic male donor (Catalog #: M00995-P; Lot: FLO) or a 19-year-old white male donor 

(Catalog #: M00995-P; Lot: YTW) were purchased from BioreclamationIVT and thawed 

on the day of transplantation in DMEM supplemented with 10% FBS. Freshly isolated 

human hepatocytes from a 2-year-old female Alagille patient at UCSF who underwent a 

full liver transplantation were generously donated for research use. Consent was obtained 

from the human donor’s legal guardian for use of these samples for research purposes 

using IRB-approved authorizations. 

 

Chromogenic stains. Sirius red staining and hematoxylin and eosin staining were 

performed on deparaffinized and rehydrated samples at Peninsula Histopathology 

Laboratory. 

 

Ink injections. A catheter was inserted in a retrograde fashion into the common bile duct 

of post-mortem mice. Waterproof ink (Higgins) was slowly injected until the biliary system 

was completely filled. Liver lobes were dehydrated in 1:1 methanol:water followed by 
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100% methanol. Ink was visualized by tissue clearing in 1:2 benzyl alcohol: benzyl 

benzoate (BABB) solution and imaged on a Leica M205A stereoscope. 

 

Mouse hepatocyte isolation. Hepatocytes were isolated from a P82 Rainbow+/- mouse 

injected with 1.0 x 109 viral genomes per gram body weight (vg/g) AAV8-TBG-Cre virus 

at P75, or from a P287 Alb-Cre+/- R26R-ZsGreen+/+ mouse by two-step collagenase 

(Worthington) perfusion followed by purification through a Percoll gradient and 

resuspended in DMEM supplemented with 10% FBS. 

 

DDC diet feeding. Mice received PicoLab Mouse Diet 20, 5058 (LabDiet) with 0.1% 3,5-

diethoxycarbonyl-1,4-dihydrocollidine (DDC;Sigma-Aldrich) for 1-4 weeks. 

 

Transplantation. Mice were anesthetized with 2% isoflurane. 5 x 105-1 x 106 pHeps were 

transplanted into each mouse via intrasplenic injection. 

 

Imaging. Fluorescent thin sections were imaged on an Olympus BX51 upright 

microscope using Openlab software (PerkinElmer). 3-dimensional images were imaged 

and constructed on a Leica TCS SP5 confocal microscope. Fiji50 was used to process 

(brightness, contrast) and merge channels. 
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Reagents or Resources. 

Table 2.1: Antibodies 

Antibodies Source Identifier Dilution 
Rabbit polyclonal anti-pan 
cytokeratin (panKRT) Dako Cat# Z0622 1:200 

Mouse monoclonal anti-human 
nucleoli [NM95] Abcam Cat# ab190710 1:100 

Mouse monoclonal anti-human 
nuclei [235-1] Millipore Cat# MAB1281 1:100 

Mouse monoclonal anti-human 
epithelial cell adhesion molecule 
(Epcam) [Ber-EP4] 

Dako Cat# M0804 1:100 

Mouse monoclonal anti-human 
cytokeratin 7 (KRT7) [OV-TL 
12/30] 

Dako Cat# M7018 1:100 

Chicken polyclonal anti-green 
fluorescent protein (GFP) Abcam Cat# ab13970 1:100 

Goat polyclonal anti-human 
albumin Bethyl Cat# A80-129A 1:300 

Rabbit monoclonal anti-
cytokeratin 19 (KRT19) 
[EP1580Y]* 

Abcam Cat# ab52625 1:100 

Rabbit monoclonal [SP6] Anti-
Ki67 Cell Marque Cat# 275R-14 1:50 

 

Table 2.2: Critical commercial assays 

Critical Commercial Assays Source Identifier 
H&E and immunohistochemical 
stainings 

Peninsula Histopathology 
Laboratory N/A 

M.O.M. Immunodetection Kit Vector Laboratories Cat# BMK2202 
Streptavidin/Biotin Blocking Kit Vector Laboratories Cat# SP-2002 
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Table 2.3: Genotyping primers 

Gene Forward Reverse 

Rag2 5’-CGGCCGGAGAACCTGCGTGCAA-3’ 5’-AGTCAGGAGTCTCCATCTCAC-3’ 
 5’-GGGAGGACACTCACTTGCCAG-3’  

Il2rg 
(mut) 

5’-GTGCAATCCATCTTGTTCAATGGC 
CG-3’ 

5’-CATTCCAGGAGTGCAGTCACTATT 
TG-3’ 

Il2rg 
(WT) 

5’-CTTTATTGATAACGATCTATCCCT 
CACCC-3’ 

5’-CTCCACTCTGCAGAGTCTATGGAA 
TCC-3’ 

LC1 5’-TGGGCGGCATGGTGCAAGTT-3’ 5’-CGGTGCTAACCAGCGTTTTC-3’ 
Fabpi 5’-TGGACAGGACTGGACCTCTGC-3’ 5’TAGAGCTTTGCCACATCACAG-3’ 
Rbpj 5’-GCGTGCCTCCCCGCATCTA-3’ 5’-CGTTCCTGAAGCAATGCACACTG-3’ 

Hnf6 5’-GTCGTCGACCTCTCTCCTGTCTCC 
CTCAGTATCC-3’ 

5’-ATAAGCGGCCGCCCTCCCTCTCTC 
TTTCCATC-3’ 

 

Table 2.4: Experimental models 

Experimental Models: 
Organisms/Strains 

Source Identifier 

Fah-/-/Rag2-/-/Il2rg-/- Sirpa-/-

(FRGN) 
Wilson et al., 2014 [60] N/A 

Alb-Cre; Rbpf/f/Onecut1f/f Vanderpool et al., 2011 
[29]  

Alb-Cre; 
Rbpf/f/Onecut1f/f/Rag2-/-

/Il2rg-/- (ROGR) 
Bred N/A 

Primary human 
hepatocytes BioreclamationIVT Cat# M00995-P; Lot# FLO 

Cat# M00995-P; Lot# YTW 
 

Table 2.5: Software and algorithms 

Software and Algorithms Source Identifier 
Leica SP5 upright confocal 
microscope with AOBS 

  

Excel Microsoft Office 16 
Fiji Schindelin et al., 2012 [61] N/A 
Prism GraphPad Version 8.1.2 
Adobe Illustrator Adobe CC 2019 
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CHAPTER 3 HUMAN HEPATOCYTES CAN GIVE RISE TO 
INTRAHEPATIC CHOLANGIOCARCINOMAS 

 

ABSTRACT 

Intrahepatic cholangiocarcinomas (ICCs) have been previously thought to arise 

exclusively from either cholangiocytes or liver progenitor cells. Recently however, 

hepatocytes have been shown to undergo permanent lineage conversion into 

cholangiocytes under chronic injury conditions and thus may act as an alternative cell 

source that can give rise to ICCs. In this study, we transplanted primary human 

hepatocytes (pHeps) transduced with oncogene-carrying lentiviruses into an immune-

compromised mouse model of chronic liver injury. We find that instead of transforming 

into hepatocellular carcinomas (HCC), oncogene-transduced pHeps transform into ICCs 

that are histologically similar both in morphology and in tissue marker expression to ICCs 

from patients. We identify an oncogene combination that reproducibly induces pHeps to 

transform into ICCs and demonstrate that humanized ICC tumor progression is 

accelerated in the context of severe cholestatic injury. Finally, using bulk RNAsequencing, 

we compared the transcriptomes of our humanized ICCs to that of banked patient ICC 

and HCC tumor tissues. In summary, we have created a novel humanized mouse model 

of ICC and shown for the first time that pHeps are capable of malignantly transforming 

into ICCs in vivo. 

 

INTRODUCTION 

Intrahepatic cholangiocarcinoma (ICC) is the second most common form of 

primary liver cancer after hepatocellular carcinoma [30] and because the disease is often 

diagnosed in already advanced stages, there are few therapeutic options for patients. As 
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a result, the 5-year survival rate after diagnosis in the United States is 9% [37]. Because 

they are typically found growing alongside or in the lumen of bile ducts, ICCs have been 

historically thought to originate from either cholangiocytes or liver progenitor cells (LPCs) 

which can give rise to both hepatocytes and cholangiocytes under injury conditions [45, 

46]. More recently however, lineage conversion of malignant hepatocytes has been 

proposed as an alternative mechanism of ICC formation.  

Hepatocyte-derived ICC has been extensively documented in genetic mouse 

models and mouse models of liver injury. Lineage tracing studies have shown that 

overexpression of Notch in combination with other oncogenes such as AKT, YAP, or 

specific injury conditions like thioacetamide (TAA) administration, can directly transform 

hepatocytes into ICCs [45, 47, 49]. Similarly, cytokines released in a necroptotic 

microenvironment in conjunction with hydrodynamic tail-vein injection of Myc and 

NrasG12V oncogenes have been shown to direct murine hepatocytes to form ICCs 

instead of hepatocellular carcinomas (HCCs) [48]. In humans, organoids formed from 

directly reprogrammed human hepatocytes transduced with SV40 large T antigen (SV40 

LT) and RAS convert into ICCs after transplantation into immunocompromised mice [52]. 

However, it remains unproven whether primary human hepatocytes (pHeps) are capable 

of transdifferentiating and transforming into ICCs in vivo. Here, we create a humanized 

mouse model of ICC and show for the first time the pHeps can directly transform into 

ICCs in vivo. We find that the ICCs developed in our humanized mouse model are 

histologically and transcriptionally similar to those seen in patients and we describe a 

potential signaling pathway that may be involved in converting hepatocytes into ICCs.  
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RESULTS 

 
3.1 Developing a humanized mouse model of liver tumorigenesis 
 

Our initial aim was to develop a more faithful model of human 

hepatocarcinogenesis by malignantly transforming and transplanting primary human 

hepatocytes (pHeps) into an immunocompromised mouse model of chronic liver injury. 

Human cells are more resistant to malignant cell transformation than rodent cells in and 

almost always require some form of telomere maintenance through re-expression of the 

human telomerase catalytic subunit (TERT) or through an alternative mechanism [55]. To 

optimize transformation of pHeps, we transduced donor pHeps with lentiviruses carrying 

the oncogene combination simian virus 40 large T and small t antigens (SV40Tt), Harvey 

rat sarcoma viral oncogene homolog (HRAS), and TERT previously described to 

successfully transform primary human fibroblasts [55]. Initially, we sought to increase 

engraftment efficiency of pHeps by limiting time cultured ex vivo and immediately 

transplanted cells into mouse hosts after lentiviral transduction. However, although 

transplanted mice rapidly developed liver cancers requiring euthanasia after four weeks, 

upon histological analysis, we discovered that these cancers were exclusively of mouse 

origin (Figure 3.1). 
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Figure 3.1: Malignant transformation of mouse cells by bystander lentiviral 
transduction. 

(Left) Multiple liver tumors in an FRG mouse transplanted with human hepatocytes 
transduced with lentiviral vectors expressing HRAS, SV40Tt, and TERT. (Right) Negative 
staining for hALB and hB2M of a tumor (outlined in white) in that mouse. (Middle) Positive 
hALB and hB2m staining in an FRGN mouse transplanted with untransduced human 
hepatocytes. 
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VSV-G-pseudotyped lentiviral vectors persist on cell surfaces for extended periods 

of time [62], so we hypothesized that bystander mouse cells may have been inadvertently 

transduced with our oncogene combination causing them to develop into cancers more 

rapidly than human hepatocytes. Therefore, to remove untransduced lentivirus and to 

minimize off-target transduction of mouse cells, we plated pHeps following lentiviral 

transduction for 1-2 weeks before transplanting the cells into the cDNA-uPA/SCID mouse 

model of chronic liver injury (Figure 3.3a). cDNA-uPA/SCID mice are 

immunocompromised mice that suffer from transgene-induced liver disease [63]. Human 

hepatocytes transplanted into the livers of this mouse model are capable of engrafting 

and proliferating allowing for the development of mice with chimeric livers [63]. We found 

that 7-12 weeks after transplantation, the health of cDNA-uPA/SCID mice began to rapidly 

deteriorate requiring euthanasia (Figure 3.3b) with no difference in survival rates between 

male and female transplanted mice (Figure 3.4a). Using human-specific antibodies, we 

identified multiple tumors of human origin in oncogene-transduced transplanted mice 

through histological staining (Figure 3.3c). Surprisingly however, none of the human 

tumors were identified as hepatocellular carcinomas (HCC) by hematoxylin and eosin 

staining (H&E) and all tumors were negative for the common HCC markers Arginase 

(ARG), Glypican-3 (GP3), and Anti-Hepatocyte Specific Antigen (HepPar1) (Figure 3.2) 

Instead, the tumors that developed in the transplanted mice were identified as 

either high-grade undifferentiated carcinomas (UDC) or ductular intrahepatic 

cholangiocarcinomas (ICC) (Figure 3.3c, e). Staining for common ICC markers showed 

that 54% of all tumors were positive for cytokeratin 7 (KRT7), 90% for cytokeratin 19 

(KRT19) and 100% pan-cytokeratin (PanKRT) (Figure 3.3d). Taken together, these 
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results suggest that transplanted oncogene-transduced pHeps are capable of 

transforming into ductular ICCs. 

 

  
Figure 3.2: UDCs and ICCs do not express HCC markers. 

Immunohistochemistry stains of UDCs and ICCs for hematoxylin and eosin (H&E), 
GLYPICAN-3, ARGINASE-I, and HEPPAR1. 
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Figure 3.3: Human hepatocytes can form ICCs. 

a, Lentiviral transduction of human hepatocytes in suspension followed by culture before 
transplantation into cDNA-uPA/SCID mice to avoid bystander transduction of recipient 
cells. b, Cancer-free survival of transplanted cDNA-uPA/SCID mice (n = 5 mice) Median 
survival = 62 days. c, H&E, STEM121, and KRT19 stains of ICCs and UDCs. Scale bar, 
200µm (c, left), 100µm (c, middle and right images) d, Distribution of tumor number in 
transplanted cDNA-uPA/SCID mice. e, (Left) Distribution of tumor type in transplanted 
cDNA-uPA/SCID mice. Percentage of tumors classified as UDCs or ICCs (n = 5 tumors). 
UDC mean = 48.0%, ICC mean = 52.0%. Unpaired student’s t-test, not significant (P= 
0.90). (Right) Percentage of tumors expressing biliary markers (n = 5 tumors). One-way 
ANOVA, not significant, see 
 
Table 3.5: Detailed statistics.  
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3.2 ICCs derive from human hepatocytes and not contaminating biliary cells 
 

ICCs are typically thought to originate from biliary cells [45, 46]. Therefore, to 

determine whether contaminating biliary cells could potentially be the cellular source of 

our humanized ICCs, we analyzed the purity of our pHep donor preparations by 

immunostaining for the biliary markers KRT7, KRT19, and EPCAM. We found that our 

pHep donor preparations had only 0.27% biliary cell contamination indicating they were 

highly purified for hepatocytes (Figure 3.4b).  

Contaminating biliary cells could have a transduction or engraftment advantage 

over pHeps. Therefore, to test if this contaminating cell population was contributing to the 

humanized ICCs that were forming in our transplanted mice, we transduced pHep donor 

preparations with a GFP-expressing lentivirus ex vivo and transplanted cells into immune-

deficient fumarylacetoacetate hydrolase (Fah-/-), Rag2-/-, and IL2rg-/- deficient recipient 

mice on the NOD-strain background (FRGN). In this mouse model, loss of the Fah gene 

leads to an accumulation of toxic tyrosine metabolites in murine hepatocytes which allows 

for selective expansion of transplanted human hepatocytes. Administration of the drug 

nitisinone (NTBC) in the drinking water of mice can be used to modulate hepatotoxicity. 

After one week, we found that the rate of successful GFP-transduced and engrafted 

pHeps was 63.1%. However, no engrafted human cells were found expressing the biliary 

markers pan-cytokeratin (panKRT) (Figure 3.4c), KRT7, or EpCAM (data not shown). This 

result indicates that contaminating biliary cells from pHep donor preparations do not have 

an engraftment advantage over pHeps after transplantation into FRGN mice.    
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Figure 3.4: Human ICCs do not originate from contaminating biliary cells. 

a, Survival of male (n = 8, mean survival = 58.13 days) and female (n = 12, mean survival 
= 73.42 days) mice after transplantation. Unpaired Student’s t-test, not significant (P = 
0.5310). b, Quantification of biliary cells contaminating human cell isolates. Female donor 
(n = 3 biological replicates; mean = 0.2533%), male donor (n = 3 biological replicates; 
mean = 0.2135%), Unpaired Student’s t-test, not significant (P=0.6266). See 
 
Table 3.5: Detailed statistics. c, Quantification of engraftment of biliary cells contaminating 
human hepatocyte isolates. After transplantation into FRGN mice, human hepatocyte 
isolates transduced with a GFP-expressing lentiviral vector were stained for GFP and 
human nuclei (huNuclei). Biliary cells were identified by staining for pan-cytokeratin 
(PanKRT). Quantification of human biliary contamination in transplanted FRGN mice 
(right). One-way ANOVA (P = 1.59 x 10-7). See 
 
Table 3.5: Detailed statistics. 
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3.3 Culturing pHeps prior to transplantation does not artificially induce ICC 

transformation 

Primary murine and rat hepatocytes rapidly dedifferentiate in culture conditions 

[64, 65] and will spontaneously begin expressing ductal genes [66, 67]. Thus, it is possible 

that plating pHeps prior to transplantation artificially induces pHeps to dedifferentiate and 

adopt a biliary phenotype. Accordingly, we found that after 48 hours of plating, 40.8% of 

plated pHeps began expressing KRT7 (Figure 3.5).  

 

  

Figure 3.5: Plated pHeps spontaneously express biliary markers. 

PHeps after 48h of plating on collagen-I-coated plates. Immunofluorescence of 
representative area of plated pHeps stained for KRT7. 0h (n = 14 fields, mean = 
0.2095%), 48h (n = 6 fields, mean = 40.84%). Unpaired Student’s t-test (P = 2x10-8). 
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To test whether culturing pHeps prior to transplantation artificially primes cells to 

adopt a biliary phenotype, we developed a transplantation method in which pHeps could 

be transplanted into FRGN mice immediately after lentiviral transduction (Figure 3.6a). 

Mice were cycled on and off NTBC to control liver injury and pHep liver repopulation. To 

overcome the issue of untransduced lentivirus infecting bystander mouse cells, we 

included a brief wash of transduced pHeps in pronase prior to transplantation to remove 

lentiviral vectors persisting on the cell surface. Similar to our previous results, we found 

that FRGN mice transplanted with cultured pHeps had a median survival of 45 days post-

transplantation and developed large tumors that necessitated animal euthanasia (Figure 

3.6b, Figure 3.7a). Mice transplanted with pHeps immediately following lentiviral 

transduction also developed large tumors, but had an extended median survival age of 

71 days post-transplantation (Figure 3.6b, Figure 3.7a (left)). Histologically, these tumors 

were predominantly classified as undifferentiated carcinomas (UDC) ranging from low- to 

high-grade (Figure 3.7a (right), b). On rare occasions we observed tumors classified as 

ICCs. Both cultured and uncultured humanized tumors stochastically expressed biliary 

markers (Figure 3.7c, d). 
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Figure 3.6: Mice transplanted with uncultured or cultured oncogene-transduced 
pHeps develop aggressive tumors. 

a, Lentiviral transduction of human hepatocytes in suspension followed by pronase 
treatment (no culture) or culture before transplantation into FRGN mice to avoid bystander 
transduction of recipient cells. b, Livers of FRGN mice transplanted with human 
hepatocytes. Scale bar, 1 cm. 
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Figure 3.7: Human hepatocytes overexpressing HRAS, SV40Tt, and TERT form 
UDCs. 

a, (Left) Cancer-free survival of transplanted FRGN mice. Uncultured condition (n = 19 
mice; median survival = 71 days), cultured condition (n = 7 mice; median survival = 46 
days). Log-rank (Mantel-Cox) test and Gehan-Breslow-Wilcoxon test, not significant (P = 
0.19). (Middle) Distribution of tumor number in transplanted FRGN mice. Uncultured 
condition (n = 15 mice), Cultured condition (n = 7 mice). (Right) Distribution of tumor type 
in FRGN mice. Uncultured condition (n = 12 mice, 274 tumors), Cultured condition (n = 6 
mice, 26 tumors). b, H&E staining of low, medium, and high-grade UDCs. Top left panel: 
black arrow, low-grade UDC; white arrow, medium-grade UDC. Top right panel: high-
grade UDC. Bottom panels: magnification. c, KRT7 and KRT19 stains of UDC tumors. d, 
Percentage of tumors expressing biliary markers. Uncultured condition (n = 6 mice), 
Cultured condition (n = 6 mice). Unpaired student’s t-test, not significant. See 
 
Table 3.5: Detailed statistics. Scale bars, 100 µm (b, c). 
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3.4 SV40Tt and TERT are necessary and sufficient for driving pHep-to-ICC 

transformation 

Our transduction method uses separate lentiviral vectors for each oncogene which 

could influence the probability of a cell receiving all three oncogenes. We therefore 

hypothesized that the tumor heterogeneity observed in both type and biliary expression 

might be due to oncogene dosage or to the combination of oncogenes infecting individual 

pHeps. To investigate this, we quantified and compared RNA expression levels of the 

three lentiviral oncogenes in UDC and ICC tumors. We found that while UDCs robustly 

expressed all three lentiviral oncogenes regardless of cultured or uncultured conditions, 

ICCs showed little to no expression of HRAS (Figure 3.8). This result suggested that the 

oncogenic combination SV40Tt and TERT may be sufficient for driving pHep-to-ICC 

transformation.  

To determine which oncogenes were necessary and sufficient to induce pHep-to-

ICC transformation, we transduced pHeps with single or pairwise combinations of our 

three oncogenic lentiviruses before transplanting the cells into FRGN mice. We observed 

that mice transplanted with pHeps transduced with all three oncogenes (HTtT) or with the 

combination of HRAS and SV40Tt (HTt) deteriorated quickly with median survivals of 53 

days and 71 days post-transplantation, respectively (Figure 3.9a). Mice transplanted with 

pHeps transduced with all other oncogene combinations (HRAS and TERT (HT), SV40Tt 

and TERT (TtT), HRAS only (H), TERT only (T), or SV40Tt (Tt) only) had survival rates 

that were significantly longer. The median survival post-transplantation for these mice 

combined was 261 days (Figure 3.9a). While HTt mice developed large liver tumors that 
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often metastasized to the spleen and other peritoneal organs, macroscopic tumors were 

not observed with any other dual or single oncogene combination (Figure 3.9b).  

Upon histological analysis, we found that HTt mice exclusively developed UDCs 

that stochastically expressed the biliary markers KRT7, KRT19, and panKRT (Figure 

3.10a, b, d). Meanwhile, TtT mice exclusively developed ICCs that were positive for all 

three biliary markers (Figure 3.10a, b, d).  
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Figure 3.8: ICCs do not robustly express HRAS 

In situ hybridization with HRAS, SV40T, and TERT RNA probes and quantification of 
HRAS, SV40T, and TERT RNA particles. (Middle) Comparison of tumors developed 
between cultured and uncultured cells after transplantation. Unpaired student’s t-test, 
(HRAS; P = 2.5 x 10-3) (SV40T; P = 0.60) (TERT; P = 0.08). (Bottom) Comparison of 
tumors classified as UDC vs. ICC (bottom). Unpaired student’s t-test, (HRAS; P = 0.27) 
(SV40T; P = 0.07) (TERT; P = 0.89). Scale bar, 100 µm. 
 

 



 58 

  

Figure 3.9: Survival and livers of mice transplanted with pairwise oncogene 
transduced pHeps 

a, Cancer-free survival of transplanted FRGN mice. HTtT (n = 19 mice; median survival 
= 53 days), HTt (n = 16 mice; median survival = 71 days), Other (n = 11 mice; median = 
261 days). Log-rank (Mantel-Cox) test (P = 4.9 x 10-6). b, Livers and spleens of FRGN 
mice transplanted with human hepatocytes transduced with different oncogene 
combinations. Scale bar, 1cm. 
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Figure 3.10: HRAS diverts malignant transformation from ICC to UDC 

a, H&E, KRT7, and KRT19 stains of tumors. b, Ratio of the types of tumors that develop 
in transplanted FRGN mice. HTtT (n = 18 mice; 300 tumors), HTt (n = 11 mice; 44 tumors), 
and TtT (n = 5 mice; 11 tumors). c, In situ hybridization with HRAS, SV40T, and TERT 
RNA probes. d, Percentage of tumors that express biliary markers KRT7, KRT19, and 
PanKRT. HTtT (n = 11 mice; 85 tumors), HTt (n = 8 mice; 41 tumors), TtT (n = 5 mice; 10 
tumors). One-way ANOVA, See   
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Table 3.5: Detailed statistics. Scale bars, 100 µm (a, c) 
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3.5 Characterization of UDCs and ICCs  
 

In contrast to ICCs, UDCs did not histologically appear epithelial-like and typically 

were highly invasive often with metastasis to the spleen and other peritoneal sites (Figure 

3.9b). These observations led us to hypothesize that the UDCs may have originated from 

pHeps that had undergone epithelial-to-mesenchymal transition (EMT) after transduction 

with all three lentiviral oncogenes. To test this, we stained ICC and UDC tumor tissues 

for the mesenchymal marker ZEB1 and found that while ICCs were negative for this 

marker, UDCs stained positive. This finding suggested that while ICCs maintained 

epithelial-like characteristics, UDCs had become more mesenchymal (Figure 3.11b). 

Interestingly, we found that even though UDCs were macroscopically larger than ICCs, 

both ICCs and UDCs were actively proliferating (Figure 3.11b). As expected, the stromal 

and extracellular matrix (ECM) compartments of ICCs and UDCs were both derived from 

the mouse host (Figure 3.11a). However, we also discovered that UDCs produced 

human-derived ECM components such as collagen-I (Figure 3.11a), further pointing 

towards a mesenchymal transition of pHeps after oncogene transduction. Together, these 

results suggest that while ICCs are proliferative and maintain epithelial-like 

characteristics, UDCs have further dedifferentiated and transitioned towards a more 

invasive mesenchymal phenotype capable of producing human-specific stromal elements 

(Figure 3.11a). 
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Figure 3.11: Characterization of ICCs and UDCs parenchyma and stroma 

a, Immunofluorescence of UDCs and ICCs for stromal markers ACTA2, DESMIN, mouse 
and human COLLAGEN-I. b, Immunohistochemistry for EMT marker ZEB1 and cell 
proliferation marker KI67. Scale bars, 100 µm (a, b) 
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3.6 Severe cholestatic injury drives proliferation in humanized ICCs  

Although the ICCs in our humanized mice were actively proliferating (Figure 

3.11b), they remained locally contained tumors that were not macroscopically visible and 

could only be identified through histological staining. We hypothesized that the lack in 

malignancy could be due to the type of liver injury and the microenvironment induced in 

the mouse host. Etiologically, cholestatic liver diseases, most notably primary sclerosing 

cholangitis and fibropolycystic liver diseases, are risk factors for ICCs in human patients 

[30, 68]. However, in normal humanized FRGN mice, serum total and direct bilirubin 

levels are both low (Figure 3.12) suggesting that the liver injury induced by NTBC 

withdrawal does not induce cholestasis. Thus, the injury environment in this mouse model 

may not be a strong driver of human ICC malignancy.  

We therefore hypothesized that exacerbating cholestasis could potentially 

accelerate ICC progression. To investigate this, we administered 3,5-diethoxycarbonyl-

1,4-dihydrocollidine (DDC) diet to FRGN mice transplanted with pHeps transduced with 

the oncogene combination of SV40Tt and TERT to induce ICC formation. Chronic feeding 

of DDC diet to mice is a well-established model that causes severe cholestasis through 

the formation of intraductal protoporphyrin plugs and stones that obstruct the bile 

drainage system [69, 70]. We found that DDC diet increased serum total and direct 

bilirubin levels (Figure 3.12) and caused transplanted mice to develop ICCs that were 

large enough to become macroscopically visible while retaining ICC histological features 

(Figure 3.12). These results suggest that a cholestatic microenvironment may drive or 

accelerate ICC proliferation and progression. 
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Figure 3.12: Cholestatic injury accelerates ICC progression. 

a, Serum total bilirubin and direct bilirubin levels (mg/dL) in Control (n = 4 mice), HTtT (n 
= 6 mice), HTt (n = 6 mice), TtT (n = 5 mice), and TtT+DDC (n = 5 mice) transplanted 
FRGN mice. One-way ANOVA, not significant, see 
 
Table 3.5: Detailed statistics.  b, FRGN mouse transplanted with pHeps transduced with 
TtT and put on DDC diet for 4 weeks. White arrow shows a macroscopically visible human 
ICC tumor with positive expression for KRT7 and KRT19 (n = 3 mice). 

a 

b 
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3.7 SV40 small t antigen induces pHep de-differentiation and adoption of biliary fate 

We next investigated what signaling mechanisms could transform pHeps to ICCs 

by disentangling the roles of SV40 large T antigen (SV40T) from SV40 small t antigen 

(SV40t) from each other.  We designed lentiviruses separately carrying SV40T or SV40t 

and transduced pHeps with these viruses along with lentiviruses carrying HRAS or TERT. 

We found that pHeps infected with HRAS, SV40T, and TERT (HTT) or HRAS, SV40t, and 

TERT (HtT) all transformed into UDCs after transplantation into FRGN mice (Figure 3.13). 

Interestingly, HTT-derived UDCs were exclusively negative for KRT7 and KRT19 staining, 

while HtT UDCs were positive for these biliary markers. We found that neither the 

combination of TT nor tT was capable of malignantly transforming transplanted pHeps 

(Figure 3.13) even after mice were chronically fed DDC diet (Figure 3.14). These results 

suggest that the oncogenic actions of SV40T and SV40t must cooperate to transform 

pHeps into ICCs. 

We placed transplanted mice on DDC diet to investigate whether severe 

cholestasis might be oncogenic. Surprisingly, we found that although none of the 

transplanted mice developed any tumors, there were many areas within the liver where 

hepatocyte-like cells robustly expressed KRT7 (Figure 3.14). We co-stained these tissues 

for KRT7, human nucleoli, and hepatocyte nuclear factor 4 alpha (HNF4A), a marker of 

hepatocyte lineage commitment, to determine whether these cells represented an 

intermediary cell type with hepatocyte and cholangiocyte characteristics and found that 

the KRT7-positive cells were human in origin and were also HNF4A-positive (Figure 

3.15). These results suggest that severe cholestasis by itself can induce pHeps to de-

differentiate and adopt a more biliary fate. 
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Figure 3.13: SV40 small t antigen induces pHep dedifferentiation. 

Livers and tissue immunohistochemistry of livers from FRGN mice transplanted with t or 
T with TERT and/or HRAS. Scale bars, 1 cm (whole liver images), 100 µm (tissue stains). 
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Figure 3.15: pHeps in DDC-fed mice co-express hepatocyte and biliary markers 

Immunofluorescence of liver tissue tT transduced mouse fed DDC diet for 8 weeks. 
Tissues were stained for KRT7, KRT19, huNucleoli, and HNF4A. Scale bar, 50 µm. 
 

Figure 3.14: pHeps in humanized mice fed DDC diet express KRT7 

Immunohistochemistry of liver tissue from Control, tT, and TT transduced mice fed DDC 
diet for 8 weeks. Tissues were stained for H&E, KRT7, KRT19, and panKRT. Scale bar, 
100 µm. 
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3.8 Investigating the role of YAP and NOTCH signaling in pHep-to-ICC 

transformation 

In genetic mouse models, hepatocyte induction of the Notch signaling pathway can 

lead to biliary fate conversion [27, 28, 71] while disruption of either Notch and Hippo 

signaling have frequently been used to induce ICC tumorigenesis from murine 

hepatocytes [72]. Moreover, both signaling pathways have been implicated in lineage 

commitment of liver tumors in mice and humans [73]. Because of this, we hypothesized 

that Notch and Hippo signaling may be dysregulated in our humanized ICC mouse model. 

SV40T has been well characterized for its role in binding to and disrupting the actions of 

retinoblastoma (Rb) and the tumor suppressor p53 in contributing to cellular 

transformation [74]. Meanwhile, the transforming power of SV40t has primarily been 

associated with its binding to and inhibition of the phosphatase PP2A [74, 75] which has 

been shown to activate YAP by alleviating Hippo signaling [75]. In our mice, we found 

that while control humanized livers did not show Ccn1 and Hes1 gene expression, targets 

of the YAP and Notch signaling pathways respectively, pHep-derived ICCs showed 

positive expression for these two genes (Figure 3.16) by in situ hybridization potentially 

indicating that these pathways are upregulated in the transformation process.  
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Figure 3.16: ICCs and UDCs express YAP and NOTCH signaling target genes 

In situ hybridization of HTt and TtT transplanted mice with CCN1 and HES1 RNA 
probes. Scale bar, 100 µm  
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Figure 3.17: SV40t induces YAP signaling. 

a, Immunoblot of HepG2 cells transduced with t with/out TERT and HRAS for YAP, p-
YAP, HNF4A, and ACTB (left). Quantification of p-YAP/YAP (middle) and HNF4A (right), 
One-way ANOVA, see 
 
Table 3.5: Detailed statistics. b, RT-qPCR for YAP signaling pathway genes. One-way 
ANOVA, see 
 
Table 3.5: Detailed statistics. 
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Since PP2A, the target of SV40t, has been previously shown to affect YAP 

signaling, we next tested whether SV40t transduction directly affects YAP expression by 

transducing HepG2 cells with SV40t alone or in combination with TERT and/or HRAS. 

We found that in all SV40t transduced cells, p-YAP protein levels were significantly 

downregulated while total YAP protein levels remained relatively the same (Figure 3.17). 

Additionally, we saw over a 10-fold increase in the YAP target gene CCN1 (Figure 3.17). 

We did not observe any significant changes in gene expression for the YAP target genes 

CCN2 or MYC or in the levels of LATS1 and LATS2 in comparison to control (Figure 

3.17). These results suggest that in HepG2, SV40t may activate YAP signaling 

independent of Hippo regulation.  

YAP activation has been previously described as having a functional role in 

repressing hepatocyte differentiation by modulating the expression of HNF4A [76, 77]. 

We similarly found that transduction of HepG2 cells with SV40t caused a decrease in 

HNF4A protein expression, although these results were not statistically significant (Figure 

3.17). Interestingly, although we observed a 4-fold increase in gene expression for the 

Notch target gene HES2 in HepG2 cells transduced with the oncogenic combination of 

HtT, we saw no other significant changes in Notch signaling target genes (Figure 3.18) 

for any other condition with SV40t transduction. Together, these results suggest that 

SV40t may be involved in the de-differentiation of hepatocytes through activation of YAP 

signaling and modulation of HNF4A levels. 
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Figure 3.18: SV40 small t antigen slightly increases gene expression of HES2. 

a, Immunoblot of HepG2 cells transduced with t with/out TERT and HRAS for HES1 
(left). Quantification of HES1 protein expression (middle). One-way ANOVA, not 
significant. b, RT-qPCR for NOTCH pathway genes. One-way ANOVA, see 
 
Table 3.5: Detailed statistics. 
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3.9 Testing the authenticity of humanized ICCs to ICCs from human patients 

Currently, we are working to determine the authenticity of our humanized ICCs 

compared to ICCs from patients. To do this, we have collaborated with the UCSF 

Hepatobiliary Tissue Registry and Bank to obtain tumor tissue from 11 ICC patients and 

5 HCC patients. RNA from these tissues and from our humanized mice has been 

extracted from formalin-fixed paraffin embedded tissue and has been sent for bulk RNA 

sequencing. Sequencing data for this portion of the project is currently being analyzed 

(Figure 3.19).  

 
Figure 3.19: Schematic for RNAsequencing comparison of humanized tumor 
tissue to patient tumors 



 74 

DISCUSSION 

Our results show that pHeps can directly give rise to ICCs through the combined 

oncogenic actions of SV40T, SV40t, and TERT. In previous studies, organoids formed 

from reprogrammed human hepatocytes transduced with SV40T required RAS activation 

in order convert from a  hepatocyte lineage to ICC [52]. However, in our in vivo humanized 

mouse model, we found that whenever HRAS activation was combined with SV40 

(SV40T, SV40t, or SV40Tt), this combination caused pHeps to further de-differentiate and 

form UDCs. Instead, the combination of SV40Tt and TERT was both necessary and 

sufficient to induce ICC formation. The discrepancy between our results and the results 

previously published may be attributed to the in vitro reprogramming of human 

hepatocytes used in the aforementioned studies versus the pHeps use in our study. 

Currently, reprogrammed hepatocytes  do not fully replicate the morphology, gene 

expression patterns, and functionality of primary hepatocytes in vivo [78]. Thus, the 

signaling mechanisms and gene expression thresholds for malignant transformation of 

reprogrammed human hepatocytes and primary human hepatocytes may be quite 

different from one another.  

Our study also provides further proof of how primary human cells are more 

refractory to transformation than primary rodent cells [55]. We found that when oncogene-

transduced pHeps were immediately transplanted into mouse recipients without some 

method to remove lentiviral vectors persistent on cell surfaces, transplanted mice rapidly 

formed tumors that were exclusively of mouse origin. This observation suggests that there 

might be a difference in tumor latency between mouse and human cells. In addition, our 

data shows that the threshold in signaling disruptions required to initiate tumorigenesis 
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may also be much lower in mice. In transgenic mice for instance, expression of SV40T 

alone is sufficient for transforming murine hepatocytes into hepatocellular carcinomas 

(HCC) [79, 80]. However, in our model we found that the transduction of pHeps with 

SV40T alone or in combination with TERT re-expression did not lead to tumorigenesis. 

Successful pHep transformation instead required cooperation between 3 oncogenes: 

SV40T, SV40t, and TERT. In many human tissues, re-expression of TERT is required to 

to immortalize cells or to induce cells to become tumorigenic [55, 81, 82], and we similarly 

found that in our mouse model human ICCs could only develop in the context of ectopic 

TERT re-expression. ICC tumorigenesis therefore may necessitate telomere 

maintenance either through re-activation of TERT or through an alternative mechanism. 

Finally, unlike in genetic mouse models of ICC which rapidly form large invasive tumors, 

our humanized ICCs remained small and locally contained unless we manipulated the 

tumor microenvironment by inducing severe cholestasis. Together, these results show 

that human hepatocytes, like other human cells, are more refractory to tumor 

transformation than their murine counterparts and their malignancy may depend on the 

type and extent of liver injury.  

What signaling mechanisms regulate pHep transformation to ICC is still an area 

that needs to be more thoroughly explored. We are currently using bulk RNAsequencing 

to compare the transcriptomic profiles of humanized ICCs to patient ICCs and to control 

humanized tissue. We hypothesize that by taking an unbiased RNAsequencing approach, 

we will be able to determine whether our humanized ICCs transcriptomically resemble 

patient ICCs, what signaling pathways induce a pHep to transform into an ICC, and 

whether our humanized ICCs can be used to predict cell-of-origin for patient ICCs. 



 76 

Mechanistically, our preliminary data suggests that YAP signaling activation may be 

responsible for pHep de-differentiation and adoption of biliary characteristics. However, 

the results from our RNAsequencing study will provide a more in depth and 

comprehensive view of the different signaling mechanisms that might cooperate to induce 

pHep de-differentiation and tumorigenesis. 

In summary, we have developed a humanized mouse model of ICC that 

histologically and transcriptionally resemble patient ICCs. We find that hepatocyte 

plasticity may play an important role in ICC tumorigenesis by showing for the first time 

that pHeps can be the cells-of-origin for ICCs in vivo. We identified the oncogene 

combination of SV40Tt and TERT as necessary and sufficient to reproducibly form ICCs 

from pHeps, and we are currently working to understand what signaling pathways and 

environmental triggers are critical for maintaining or altering cell identity during ICC 

tumorigenesis. In the future, substitution of SV40Tt for more specific gene deletions could 

help to identify which gene perturbations are the crucial drivers for pHep-to-ICC 

transformation in patients and could help to more faithfully model the genetic landscape 

of patient tumors. Finally, in creating the first humanized mouse model of ICC, we have 

opened the doors to studying this disease in a more clinically relevant context. Not only 

does our model differ from current genetically modified mouse models of ICC by using 

human cells, but these human cells are put in an in vivo environment of chronic liver injury 

that more closely mimics how these tumors would arise in patients. Thus, our humanized 

mouse model provides a unique platform to study ICC tumorigenesis and progression, 

and could potentially be used to identify and test promising therapies and biomarkers for 

ICC in a more clinically relevant manner. 
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METHODS 
 

Lentivirus production. pLV-CMV-eGFP, pLEX307-SV40tT, pLEX307-HRAS, and pLV-

EF1a-hTERT plasmids were packaged and produced by VectorBuilder Inc.  

 

Mice.  

UCSF: Fah-/-/ Rag2-/-/ Il2rg-/- mice on the non-obese diabetic (NOD)-background (FRGN) 

were bred and kept under barrier conditions. All procedures were approved by the 

Institutional Animal Care and Use Committee at UCSF.  

PhoenixBio, Inc.: cDNA-uPA/SCID mice were bred and kept under barrier conditions.  

 

Primary hepatocytes. For experiments conducted at UCSF, cryopreserved human 

hepatocytes (pHeps) from a 14- month-old Hispanic male donor (Catalog #: M00995-P; 

Lot: FLO) were purchased from BioreclamationIVT and thawed on the day of lentiviral 

transduction. For experiments conducted at PhoenixBio Inc., 3rd generation pHeps 

(pHeps that have undergone 3 rounds of serial transplantation in cDNA-uPA/SCID mice) 

from a 2-year-old female original donor were isolated by collagenase perfusion from 

highly repopulated cDNA-uPA/SCID mice 1-2 weeks before the day of transplantation.  

 

DDC diet feeding. Mice received PicoLab Mouse Diet 20, 5058 (LabDiet) with 0.1% 3,5-

diethoxycarbonyl-1,4-dihydrocollidine (DDC;Sigma-Aldrich) for 8 weeks. 
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Ex vivo lentiviral transduction and transplantation. For experiments conducted at 

UCSF, cryopreserved pHeps (not previously cultured or expanded in mice) were thawed 

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), penicillin-streptomycin (P/S), and Glutamax at 37 °C. For experiments 

conducted at both UCSF and at PhoenixBio, pHeps were transduced in suspension with 

either Roswell Park Memorial Institute 1640 Medium (RPMI) supplemented with 10% 

FBS, Glutamax, 10mM HEPES, P/S, 3µg/mL polybrene, and 50uM Vitamin E succinate 

(UCSF) or DMEM supplemented with 4 mM L-glutamine, 10% FBS, 10mM HEPES, P/S, 

3ug/mL polybrene and 50µM Vitamin E succinate (PhoenixBio). Each oncogenic 

lentivirus was transduced at MOI 10 for 2 hours (uncultured method) or 4 hours (cultured 

method) before transplantation or plating. PHeps at PhoenixBio were transduced with 

lentiviruses each at MOI 1 or MOI 2 for 4 hours. 

 

Uncultured pHeps. Following 2 hours of lentiviral transduction, pHeps were briefly 

incubated for 1-2 minutes in a 1mg/mL Pronase solution in DMEM/F12 or until cells 

started to clump together. The pronase solution was inactivated with DMEM 

supplemented with 10% FBS and pHeps were resuspended in William’s E media 

supplemented with 10% FBS. 500K viable pHeps per mouse were transplanted into P29-

P36 male and female FRGN mice via transdermal intrasplenic injection under 2% 

isoflurane anesthesia.  
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Cultured pHeps. Following 4 hours of lentiviral transduction, pHeps were washed twice 

with DMEM supplemented with 10% FBS and then plated on collagen-coated plates in 

DMEM supplemented with 10% FBS. Media was changed the next day to dHCGM 

(DMEM supplemented with 10% FBS, 15µg/mL L-Proline, 0.25µg/mL insulin, 50nM 

dexamethasone, 5ng/mL EGF, 0.1mM L-ascorbic acid 2-phosphate, and 2% DMSO), and 

then changed every 3-4 days afterwards. 1-2 weeks after inoculation, cells were collected 

by trypsin and EDTA and resuspended in DMEM supplemented with 10% FBS for 

transplantation into P29-P36 male and female FRGN mice (UCSF) or 3-week-old-female 

cDNA-uPA/SCID mice (PhoenixBio) via intrasplenic injection under isoflurane 

anesthesia. 

 

Cytospin slide preparation. 200,000 pHeps thawed in DMEM supplemented with 10% 

FBS were loaded in suspension into a cytospin machine and spun at 800rpm for 10 

minutes onto poly-L-lysine coated slides. Slides were air dried and then fixed in 4% 

paraformaldehyde (PFA) for 15 minutes. 

  

Imaging. Chromogenic thin sections were imaged on a Leica DM6B microscope with a 

4.2MP cMOS camera and imaging station. Fluorescent thin sections were imaged on an 

Olympus BX51 upright microscope using Openlab software (PerkinElmer). RNAscope 

thin sections were imaged on a Leica TCS SP5 confocal microscope. Fiji50 was used to 

process (brightness, contrast) and merge channels. 
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Tissue collection, immunostaining, and histology. Livers from transplanted mice were 

cut into slices and fixed in 4% PFA overnight at 4 °C or 10% formalin overnight at room 

temperature. For thin sectioning, PFA-fixed samples were moved to 30% sucrose 

overnight at 4 °C and then embedded in OCT (Tissue-Tek) for sectioning. Formalin fixed 

samples were moved to 70% ethanol solution overnight at room temperature and then 

sent to the UCSF Liver Center Core and Peninsula Histopathology Laboratory for paraffin 

embedding and sectioning. Hematoxylin and eosin (H&E) staining, anti-HepPar1, anti-

arginase, anti-glypican-3, anti-KRT7, anti-KRT19, and anti-panKRT antibody stains of 

tissue sections were done at Peninsula Histopathology Laboratory. Tissue and cytospin 

sections stained with rabbit anti-RAS (1:200, Abcam), mouse anti-SV40T (1:100, Abcam), 

rabbit anti-telomerase reverse transcriptase (1:500, Abcam), mouse anti-STEM121 

(1:100, Takara Bio), rabbit anti-panKRT (Dako, 1:200), mouse anti-human nucleoli 

(1:100, Abcam), mouse anti-human nuclei (1:100, Millipore), mouse anti-human Epcam 

(1:100, Dako), mouse anti-human CK7 (1:100, Dako), chicken anti-GFP (1:100, Abcam), 

rabbit  anti-Zeb1 (1:100, Abcam), rabbit anti-Ki67 (1:50, Cell Marque), and goat anti-

human albumin (1:300, Bethyl) were done at UCSF. 

All paraffin slides were deparaffinized and subjected to heat-mediated antigen 

retrieval with 10mM sodium citrate buffer (pH 6.0) at 1000C for 20 min before blocking. 

Samples stained with anti-panKRT underwent antigen retrieval in 1mM Tris buffer (pH 

9.5) at 600C for 2h. All samples were blocked with a streptavidin/biotin blocking kit (Vector 

Laboratories) and those stained with mouse primary antibodies were additionally blocked 

with a M.O.M kit (Vector Laboratories) for detecting mouse primary antibodies on mouse 

tissue. All antibodies used a biotinylated secondary antibody and a streptavidin-HRP 



 81 

secondary antibody. Samples were incubated in DAB substrate (Abcam) until the desired 

color was achieved (20s-5min). Hematoxylin was used to counterstain sections, and 

samples were dehydrated and mounted with Cytoseal mounting medium. 

 

RNAscope. To assess human HRAS, SV40T, human TERT, human Cyr61, and human 

Hes1 expression in tumor sections, 5µm-thick sections of formalin-fixed paraffin-

embedded livers were incubated with the appropriate RNAscope probes and signal was 

amplified and detected with the RNAscope Multiplex Fluorescent V2 Assay kit. Sections 

were subsequently incubated with mouse anti-human nucleoli antibody at 1:100 dilution 

to detect human cells. Anti-human nucleoli antibody signal was amplified by sequential 

incubation with donkey anti-mouse biotin antibody and Alexa Fluor 488 streptavidin 

conjugate, both at 1:500 dilution. Stained slides were imaged using a confocal 

microscope. Fluorescent signal from each fluorophore was acquired separately, pseudo-

colored, and the brightness and contrast optimized before combining into 1 RGB image 

using Fiji (Schindelin et al., 2012). 

 

Serum collection and analysis. 500 µL-1mL of blood was collected by retro-orbital 

venipuncture and serum total and direct bilirubin was measured by the UCSF Clinical 

laboratory at Zuckerburg San Francisco General Hospital (ZSFGH). 
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qPCR and gene expression analysis. RNA was extracted using the PureLink RNA Mini 

Kit (Life Sciences). Reverse transcription was performed using SYBR green reagent 

(ThermoFisher Scientific) in a Viia 7 system (Thermo Fisher Scientific). All reactions were 

performed in triplicate, and gene expression was normalized to the housekeeping gene 

GAPDH and quantified using the ∆∆Ct
 method. Primers are listed below. 

 

Western blot and analysis. Whole cell extracts from HepG2 cultured cells were obtained 

using previously described buffers with protease and phosphatase inhibitors. Samples 

were run on SDS-PAGE 4-20% Tris-glycine gradient gels, and electrophoretically 

transferred to nitrocellulose membranes to be probed with antibodies. Signals were 

detected by ECL western blotting substrate (GE healthcare). Quantification was 

performed using ImageJ software. 

 

RNA-sequencing. RNA was extracted from formalin-fixed paraffin embedded tissues 

(80µm in depth) using the Zymo Research Quick-RNA FFPE Kit (VWR). RNA quality was 

assessed using the RNA 6000 Pico Kit on a 2100 Bioanalyzer (Agilent). Samples with an 

RNA integrity number (RIN) ≥ 1.0, DV200 numbers ≥ 20.0, and at least 1µg RNA were 

sent to BGI Genomics for library construction and sequencing. 
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Quantification and statistical analysis. 

Mouse survival times after transplantation and whether mice developed 

macroscopically visible tumors were recorded at the time of euthanasia. Kaplan-Meier 

curves for survival post-transplantation were generated using GraphPad Prism software 

(Figure 3.3b Figure 3.7a (left panel) Figure 3.9a). The histograms in Figure 3.3d, e and 

Figure 3.7a (middle, right), d, were generated by counting the number of tumors in livers 

isolated from cDNA-uPA/SCID and FRGN mice following euthanasia. 

 To generate Figure 3.3e (middle) and Figure 3.7a (right), individual tumors were 

imaged and categorized by H&E stain as UDCs or as ICCs. The proportion of each tumor 

type relative to the total number of tumors was calculated. In Figure 3.3e, 14 tumors from 

5 different mice were analyzed. In Figure 3.7a (right), 274 tumors from 12 mice were 

analyzed for the uncultured condition and 26 tumors from 6 mice were analyzed for the 

cultured condition. To generate Figure 3.3e (middle) and Figure 3.7d, individual tumors 

were analyzed based on whether they had positive expression of KRT7, KRT19, or 

panKRT. In Figure 3.3e (middle), 5 mice, and 12 tumors were analyzed. In Figure 3.7d, 

59 tumors from 5 mice were analyzed for the uncultured condition, and 26 tumors from 6 

mice were analyzed for the cultured condition.  

 Figure 3.4a was generated by comparing the survival days post-transplantation of 

20 mice divided based on gender. 

 To generate Figure 3.4b, cytospin slides of pHep preparations were fixed and 

stained with anti-KRT7 (n = 3 biological replicates, 26943 total cells, 14 fields), and anti-

KRT19 (n = 3 biological replicates, 4588 cells, 30 fields) at dilutions of 1:100. The number 

of KRT7+ or KRT19+ cells were counted from independent fields and divided by the total 
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number of DAPI+ cells in each field to find the percentage cells expressing biliary 

markers. 

 To generate Figure 3.4c, liver tissue from 3 FRGN mice transplanted with GFP 

transduced pHeps (MOI=  15) was isolated 1-week post-transplantation, fixed in 4% PFA 

overnight at 4 °C, cryosectioned, and stained using anti-GFP, anti-panKRT, and anti-

human nuclei antibodies at dilutions of 1:100, 1:200, and 1:100 respectively. 2 fields for 

a total of 131-217 GFP+ cells per mouse were analyzed and the number of GFP+ cells 

that showed co-positivity for human Nuclei and/or panKRT was also determined. The ratio 

of GFP+ to human Nuclei+ cells was obtained to determine the average percentage of 

human cells that were successfully transduced with lentivirus. The ratio of panKRT+ cells 

to GFP and human Nuclei co-positive cells was calculated to determine the percentage 

of human biliary cells from the pHep preparations that engraft after transplantation.  

 RNAscope fluorescence in Figure 3.8 and Figure 3.16 was acquired separately for 

each fluorophore with a Leica SP5 upright confocal microscope with AOBS and five laser 

lines from 405-633. Figure 3.8 was generated with n = 4 mice, 4 tumors (uncultured 

condition), n = 4 mice, 4 tumors (cultured condition), n = 9 mice, 10 tumors (UDC 

condition), and n = 3 mice, 3 tumors (ICC condition). Individual RNAscope staining 

experiments were all imaged within the same imaging session with each probe imaged 

at the same offset and gain levels between tissue sections to minimize technical bias. 

Fluorescent signal from each fluorophore was pseudo-colored and the brightness and 

contrast were optimized and transferred across all images consistently in Fiji. To calculate 

the number of RNA particles and human nucleoli proteins, images were converted to 8-

bit, thresholded and then made into binary images using Fiji. Afterwards, Fiji’s “Analyze 
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Particles” tool was used to count the number of particles in the region of interest. The 

number of RNA particles per cell was calculated by dividing the number of RNA particles 

for a given RNAscope probe by the number of human nucleoli protein particles. 

 To generate Figure 3.10b, individual tumors were imaged and categorized by H&E 

stain as UDCs or as ICCs. The proportion of each tumor type relative to the total number 

of tumors was calculated. For the HTtT condition, n = 18 mice and 300 tumors were 

analyzed, for the HTt condition, n = 11 mice and 44 tumors were analyzed, and for the 

TtT condition n = 5 mice and 11 tumors were analyzed. To generate Figure 3.10d, 

immunostains for the biliary markers KRT7, KRT19, and PanKRT was performed and the 

percentage of tumors that positively expressed each marker was calculated. For the HTtT 

condition, n = 11 mice and 85 tumors were analyzed, for the HTt condition n = 8 mice and 

41 tumors were analyzed, and for the TtT condition n = 5 mice and 10 tumors were 

analyzed. 

 To generate Figure 3.12a, serum total bilirubin and direct bilirubin levels (mg/dL) 

were measured by the UCSF Clinical laboratory at Zuckerburg San Francisco General 

Hospital (ZSFGH). For the Control condition, n = 4 mice were analyzed, for the HTtT 

condition n = 6 mice were analyzed, for the HTt condition n = 6 mice were analyzed, for 

the TtT condition, n = 5 mice were analyzed, and for the TtT+DDC condition n = 5 mice 

were analyzed. 

To generate Figure 3.17a and Figure 3.18a, protein bands on immunoblots of 

HepG2 cells were analyzed quantified for band density using ImageJ. For each condition 

(Control, t, tT, HtT), n = 3 biological replicates were quantified. For  Figure 3.17b and 

Figure 3.18b RT-qPCR was performed with n = 3 biological replicates. Each biological 
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replicate for each gene was performed in triplicate and the average of the triplicate was 

calculated per gene. 
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Reagents or Resources 

Table 3.1: Antibodies 

Antibodies Source Identifier Dilution 
Rabbit polyclonal anti-Ras 
(KRAS+HRAS+NRAS) Abcam Cat# ab84573 1:200 

Mouse monoclonal anti-SV40 T-
antigen [PAb416] Abcam Cat# ab16879 1:100 

Rabbit polyclonal anti-
telomerase reverse 
transcriptase (TERT) 

Abcam Cat# ab216625 1:500 

Mouse monoclonal anti-
STEM121* Takara Bio Cat# Y40410 1:100 

Rabbit polyclonal anti-wide 
spectrum cytokeratin (panKRT) Dako Cat# Z0622 1:200 

Mouse monoclonal anti-human 
nucleoli [NM95] Abcam Cat# ab190710 1:100 

Mouse monoclonal anti-human 
nuclei [235-1] Millipore Cat# MAB1281 1:100 

Mouse monoclonal anti-human 
epithelial cell adhesion molecule 
(Epcam) [Ber-EP4] 

Dako Cat# M0804 1:100 

Mouse monoclonal anti-human 
cytokeratin 7 (KRT7) [OV-TL 
12/30] 

Dako Cat# M7018 1:100 

Chicken polyclonal anti-green 
fluorescent protein (GFP) Abcam Cat# ab13970 1:100 

Goat polyclonal anti-human 
albumin Bethyl Cat# A80-129A 1:300 

Rabbit monoclonal anti-
cytokeratin 19 (KRT19) 
[EP1580Y]* 

Abcam Cat# ab52625 1:100 

Mouse monoclonal anti-SV40 T 
Ag [PAb 101]* Santa Cruz Cat# sc-147  

Rabbit monoclonal [EPR17375] 
anti-Zeb1 Abcam Cat# ab203829 1:100 

Rabbit monoclonal [SP6] Anti-
Ki67 Cell Marque Cat# 275R-14 1:50 

Streptavidin-HRP Fisher 
Scientific Cat# 43-4323 1:500 

Donkey polyclonal anti-rabbit 
IgG secondary antibody, biotin 

Fisher 
Scientific Cat# A16027 1:500 

*used at PhoenixBio 
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Table 3.2: Virus strains 

Virus Strains Source Identifier 

pLEX307-SV40tT VectorBuilder 

(1) SP1000458 (custom); 
Lot# 160630LVH02 

(2) P180809-1004brv 
(custom); Lot# 
180920LVW03 

pLV-EF1a-hTERT Vector Builder 
(1) VB160720-1106bez 

(custom); Lot# 
160913LVH09 

pLEX307-HRAS VectorBuilder 

(1) SP1000460 (custom); 
Lot# 160630LVH03 

(2) P180809-1005usw 
(custom); Lot# 
180913LVD02 

pLV[Exp]-CMV-eGFP VectorBuilder 
(1) VB160609-1038eqx 

(VP-LV_M-pLV_ORF); 
Lot# 180825LVD03 
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Table 3.3: Critical commercial assays 

Critical Commercial 
Assays 

Source Identifier 

H&E and 
immunohistochemical 
stainings 

Peninsula 
Histopathology 

Laboratory 
N/A 

M.O.M. Immunodetection 
Kit Vector Laboratories Cat# BMK2202 

RNAscope Multiplex 
Fluorescent Detection Kit 
v2 

Advanced Cell 
Diagnostics (ACD) Cat# 323100 

RNAscope probe Hs-
TERT-C4 

Advanced Cell 
Diagnostics (ACD) Cat# 605511-C4 

RNAscope probe V-
pLEX307-SV40tT-C3 

Advanced Cell 
Diagnostics (ACD) Cat# 489691-C3 (custom) 

RNAscope probe Hs-
HRAS-No-XMm-C2 

Advanced Cell 
Diagnostics (ACD) Cat# 447341-C2 

RNAscope probe Hs-
UBC-No-XMm-C1 

Advanced Cell 
Diagnostics (ACD) Cat# 478171 

RNAscope probe Hs-
Hes1-C2 

Advanced Cell 
Diagnostics (ACD) Cat# 311191-C2 

RNAscope probe Hs-
Cyr61-C1 

Advanced Cell 
Diagnostics (ACD) Cat# 452081 

Streptavidin/Biotin 
Blocking Kit Vector Laboratories Cat# SP-2002 

DAB substrate kit Abcam Cat# ab64238 

Agilent RNA 6000 Pico Kit Agilent Technologies 
Cat# 5067-1513 
Cat# 5067-1514 
Cat# 5067-1535 

Zymo Research Quick-
RNA FFPE Kit VWR Cat# 77002-030 (KT) 
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Table 3.4: qRT-PCR primers 

Gene Forward Reverse 

YAP 5’-CCAAGGCTTGACCCTCGTTTTG-
3’ 5’-TCGCATCTGTTGCTGCTGGTTG-3’ 

TEAD1 5’-CCCATTCCAGGGTTTGAGC-3’ 5’-TGCACGAAGAGGTGTTTGTTG-3’ 

LATS1 5’-CCTGAGGGAACCGCTTCAAATG-
3’ 

5’-
TGACTCGTATGGAGGAACAGATGGG-
3’ 

LATS2 5’-TCATCCACCGAGACATCAAGCC-
3’ 

5’-
TTGTGAGTCCACCTGAACCCAGTG-3’ 

CTGF 5’-CCAATGACAACGCCTCCTG-3’ 5’-TGGTGCAGCCAGAAAGCTC-3’ 
CYR61 5’-AGCCTCGCATCCTATACAACC-3’ 5’-TTCTTTCACAAGGCGGCACTC-3’ 

MYC 
5’-
CATACATCCTGTCCGTCCAAGCAG-
3’ 

5’-TTTCAACTGTTCTCGTCGTTTCCG-
3’ 

HEY1 5’-AGCCGAGATCCTGCAGATGA-3’ 5’-GCCGTATGCAGCATTTTCAG-3’ 
HEY2 5’-AGATGCTTCAGGCAACAGGG-3’ 5’-CAAGAGCGTGTGCGTCAAAG-3’ 
HES1 5’-GTGCATGAACGAGGTGACCC-3’ 5’-GTATTAACGCCCTCGCACGT-3’ 

HES2 5’-AGAACTCCAACTGCTCGAAGCT-
3’ 5’-CGGTCATTTCCAGGACGTCT-3’ 

GAPDH 5’-ATCAGCAATGCCTCCTGCAC-3’ 5’-TCGCATGGACTGTGGTCATG-3’ 
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Table 3.5: Detailed statistics 

Figure Group N 
Parameter 
Measured 

Mean SEM 
Statistical 

test 

3.3b cDNA-uPA mice 5 

Cancer-
free 

survival 
(days) 

62 days 
(median) NA 

 

3.3e 
(left) 

ICC 5 

% of 
tumors 

52.00 22.45 
Student’s 

unpaired t-
test, two-

tailed, 
t=0.1260, 

df=8 
P=0.9029 

UDC 5 48.00 22.45 

3.3e 
(right) 

KRT7 5 % of 
tumors 

positively 
expressing 

marker 

54.00 21.35 One-way 
ANOVA 

F(2, 12) = 
3.158 

P=0.0791 

KRT19 5 90.00 10.00 

PanKRT 5 100.00 0.00 

Post hoc test: Tukey 
KRT7 vs. KRT19, P=0.1897; KRT7 vs. PanKRT, P=0.0811; KRT19 vs. PanKRT, 
P=0.8634 

3.4a 

Male 8 

Survival 
(days) 

58.13 10.14 
Student’s 

unpaired t-
test, two-

tailed, 
t=0.6387, 

df=18 
P=0.5310 

Female 12 73.42 22.30 

3.4b 

Female donor 3 % of cells 
positively 

expressing 
marker 

0.2533 0.073 

Student’s 
unpaired t-
test, two-

tailed, 
t=0.5261, 

df=4 
P=0.6266 

Male donor 3 0.2135 0.021 

3.4c 

GFP 3 % of cells 
positively 

expressing 
marker 

63.03 2.674 One-way 
ANOVA 
F(2, 6) = 

550.7 
P=1.59 x 10-7 

PanKRT 3 0.2083 0.208 

PanKRT/GFP 3 0 0 

Post hoc test: Tukey 
GFP vs. PanKRT, P=4.68 x 10-7; GFP vs. PanKRT/GFP, P=4.61 x 10-7; PanKRT 
vs. PanKRT/GFP, P=0.995 



 92 

Figure Group N 
Parameter 
Measured 

Mean SEM 
Statistical 

test 

3.5 

0h 14 
% of cells 
positively 

expressing 
marker 

0.2095 0.051 
Student’s 

unpaired t-
test, two-

tailed, 
t=9.491, 

df=18 
P=1.98 x 10-8 

48h 6 40.84 6.794 

3.7a 

Uncultured 19 Cancer 
free 

survival 
(days) 

71 
(median) NA 

Log-rank 
(Mantel-Cox) 

test, Chi 
square=1.732, 

df=1, 
P=0.1881 

Cultured 7 46 
(median) NA 

3.7d 

KRT19 

Uncultured 6 % of 
tumors 

positively 
expressing 

marker 

64.02 14.38 

Student’s 
unpaired t-
test, two-

tailed, 
t=0.6759, 

df=10 
P=0.5144 

Cultured 6 77.38 13.57 

KRT7 

Uncultured 8 % of 
tumors 

positively 
expressing 

marker 

56.08 14.01 

Student’s 
unpaired t-
test, two-

tailed, 
t=0.3707, 

df=12 
P=0.7173 

Cultured 6 63.69 14.53 

PanKRT 

Uncultured 7 % of 
tumors 

positively 
expressing 

marker 

64.35 15.35 

Student’s 
unpaired t-
test, two-

tailed, 
t=1.097, 

df=11 
P=0.2963 

Cultured 6 86.90 13.10 
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Figure Group N 
Parameter 
Measured 

Mean SEM 
Statistical 

test 

3.8 

HRAS 

Uncultured 4 
# RNA 

particles 
per cell 

0.0393 0.0298 
Student’s 

unpaired t-
test, two-

tailed, 
t=4.976, df=6 

P=0.0025 
Cultured 4 1.118 0.2147 

UDC 9 
# RNA 

particles 
per cell 

0.5000 0.2141 
Student’s 

unpaired t-
test, two-

tailed, 
t=1.171, 

df=10 
P=0.2687 

ICC 3 0.0510 0.0385 

SV40T 

Uncultured 4 
# RNA 

particles 
per cell 

5.536 3.840 
Student’s 

unpaired t-
test, two-

tailed, 
t=0.5474, 

df=6 
P=0.6039 

Cultured 4 3.387 0.8186 

UDC 9 
# RNA 

particles 
per cell 

2.126 0.6790 
Student’s 

unpaired t-
test, two-

tailed, 
t=2.012, 

df=10 
P=0.0719 

ICC 3 7.680 4.801 

TERT 

Uncultured 4 # RNA 
particles 
per cell 

0.6089 0.3256 
Student’s 

unpaired t-
test, two-

tailed, 
t=2.124, df=6 

P=0.0778 
Cultured 4 2.301 0.7272 

UDC 9 
# RNA 

particles 
per cell 

1.386 0.4320 
Student’s 

unpaired t-
test, two-

tailed, 
t=0.1379, 

df=10 
P=0.8931 

ICC 3 1.494 0.2351 
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Figure Group N 
Parameter 
Measured 

Mean SEM 
Statistical 

test 

3.9a 

HTtT 19 
Cancer-

free 
survival 
(days) 

53 
(median) NA Log-rank 

(Mantel-Cox) 
test, Chi 

square=19.84, 
df=2, P=4.9 x 

10-6 

HTt 16 71 
(median) NA 

Other 11 261 
(median) NA 

3.10 

KRT7 

HTtT 11 % of 
tumors 

positively 
expressing 

marker 

49.21 11.99 One-way 
ANOVA 

F(2, 21) = 
4.255 

P=0.0281 

HTt 8 48.18 13.25 

TtT 5 100.00 0.00 
Post hoc test: Tukey  
HTtT vs. HTt, P=0.9978; HTtT vs. TtT, P=0.0348; HTt vs. TtT, 
P=0.0423 

KRT19 

HTtT 11 % of 
tumors 

positively 
expressing 

marker 

66.15 12.04 One-way 
ANOVA 

F(2, 21) = 
4.661 

P=0.0211 

HTt 8 39.95 12.81 

TtT 5 100.00 0.00 
Post hoc test: Tukey  

HTtT vs. HTt, P=0.2555; HTtT vs. TtT, P=0.1892; HTt vs. TtT, 
P=0.0162 

PanKRT 

HTtT 11 % of 
tumors 

positively 
expressing 

marker 

67.03 12.10 One-way 
ANOVA 

F(2, 21) = 
3.437 

P=0.0511 

HTt 8 46.61 13.82 

TtT 5 100.00 0.00 
Post hoc test: Tukey  

HTtT vs. HTt, P=0.4491; HTtT vs. TtT, P=0.2245; HTt vs. TtT, 
P=0.0405 

KRT- 

HTtT 11 % of 
tumors 

positively 
expressing 

marker 

27.30 11.64 One-way 
ANOVA 

F(2, 21) = 
3.561 

P=0.0466 

HTt 8 51.82 13.25 

TtT 5 0.00 0.00 
Post hoc test: Tukey  

HTtT vs. HTt, P=0.2941; HTtT vs. TtT, P=0.3228; HTt vs. TtT, 
P=0.0383 
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Figure Group N 
Parameter 
Measured 

Mean SEM 
Statistical 

test 

3.12a 

TBIL 

Control 4 
Serum 

levels of 
marker 
(mg/dL) 

0.3000 0.1000 One-way 
ANOVA 

F(4, 21) = 
1.977 

P=0.1350 

HTtT 6 0.06667 0.06667 
HTt 6 0.6667 0.4462 
TtT 5 1.280 0.6859 

TtT+DDC 5 1.600 0.6066 
Post hoc test: Tukey  
Control vs. HTtT, P=0.9967; Control vs. HTt, P=0.9816; Control 
vs. TtT, P=0.6367; Control vs. TtT+DDC, P=0.3722 
HTtT vs. HTt, P=0.8555; HTtT vs. TtT, P=0.3404; HTtT vs. 
TtT+DDC, P=0.1489 
HTt vs. TtT, P=0.8664; HTt vs. TtT+DDC, P=0.5901 
TtT vs. TtT+DDC, P=0.9881 

DBIL 

Control 4 
Serum 

levels of 
marker 
(mg/dL) 

0.2000 0.1155 One-way 
ANOVA 

F(4, 21) = 
1.519 

P=0.2329 

HTtT 6 0.1610 0.1041 
HTt 6 0.6000 0.4590 
TtT 5 1.120 0.6375 

TtT+DDC 5 1.360 0.5154 
Post hoc test: Tukey  
Control vs. HTtT, P>0.9999; Control vs. HTt, P=0.9683; Control 
vs. TtT, P=0.6363; Control vs. TtT+DDC, P=0.4208 
HTtT vs. HTt, P=0.9352; HTtT vs. TtT, P=0.5058; HTtT vs. 
TtT+DDC, P=0.2925 
HTt vs. TtT, P=0.9030; HTt vs. TtT+DDC, P=0.7068 
TtT vs. TtT+DDC, P=0.9949 

3.16a 

p-YAP/YAP 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 

27.40 
P=0.0001 

t 3 0.1959 0.0531 
tT 3 0.2223 0.0592 

HtT 3 0.3323 0.1213 

Post hoc test: Tukey  
Control vs. t, P=0.0002; Control vs.tT, P=0.0003; Control vs. 
HtT, P=0.008; t vs. tT, P=0.9936, t vs. HtT, P=0.5709; tT vs. HtT, 
P=0.7143 

HNF4A/ACTB 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 
0.5440 

P=0.6658 

t 3 0.7186 0.1477 
tT 3 0.6466 0.1568 

HtT 3 0.6256 0.4163 

Post hoc test: Tukey  
Control vs. t, P=0.8301; Control vs.tT, P=0.7180; Control vs. 
HtT, P=0.6830; t vs. tT, P=0.9961, t vs. HtT, P=0.9917; tT vs. 
HtT, P>0.9999 
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Figure Group N 
Parameter 
Measured 

Mean SEM 
Statistical 

test 

3.16b 

MYC 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 
0.3452 

P=0.7937 

t 3 1.106 0.4762 
tT 3 0.7320 0.3640 

HtT 3 1.353 0.6392 

Post hoc test: Tukey  
Control vs. t, P=0.9981; Control vs.tT, P=0.9712; Control vs. 
HtT, P=0.9382; t vs. tT, P=0.9279, t vs. HtT, P=0.9771; tT vs. 
HtT, P=0.7524 

YAP 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 
0.7295 

P=0.5627 

t 3 1.391 0.2953 
tT 3 1.102 0.2390 

HtT 3 1.357 0.2384 

Post hoc test: Tukey  
Control vs. t, P=0.6246; Control vs.tT, P=0.9876; Control vs. 
HtT, P=0.6860; t vs. tT, P=0.7995, t vs. HtT, P=0.9995; tT vs. 
HtT, P=0.8517 

TEAD1 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 
0.4.488 

P=0.0397 

t 3 2.688 0.5020 
tT 3 2.082 0.1022 

HtT 3 2.586 0.5196 

Post hoc test: Tukey  
Control vs. t, P=0.0453; Control vs.tT, P=0.2325; Control vs. 
HtT, P=0.0599; t vs. tT, P=0.6577, t vs. HtT, P=0.9970; tT vs. 
HtT, P=0.7661 

LATS1 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 
0.5000 

P=0.6926 

t 3 1.238 0.2852 
tT 3 0.9429 0.0808 

HtT 3 1.078 0.2088 

Post hoc test: Tukey  
Control vs. t, P=0.8301; Control vs.tT, P=0.7180; Control vs. 
HtT, P=0.6830; t vs. tT, P=0.9961, t vs. HtT, P=0.9917; tT vs. 

HtT, P>0.9999 
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Figure Group N 
Parameter 
Measured 

Mean SEM 
Statistical 

test 

3.16b 

LATS2 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 

1.535 
P=0.2787 

t 3 1.558 0.4257 
tT 3 1.382 0.1103 

HtT 3 1.731 0.2482 

Post hoc test: Tukey  
Control vs. t, P=0.7908; Control vs.tT, P=0.9958; Control vs. 
HtT, P=0.9895; t vs. tT, P=0.6706, t vs. HtT, P=0.9211; tT vs. 
HtT, P=0.9502 

CCN1 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 

1.277 
P=0.3463 

t 3 13.16 6.285 
tT 3 10.15 4.026 

HtT 3 13.87 7.354 

Post hoc test: Tukey  
Control vs. t, P=0.4104; Control vs.tT, P=0.6243; Control vs. 
HtT, P=0.3664; t vs. tT, P=0.9758, t vs. HtT, P=0.9996; tT vs. 
HtT, P=0.9561 

CCN2 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 

1.178 
P=0.3772 

t 3 4.854 3.069 
tT 3 1.903 0.3820 

HtT 3 1.860 0.2895 

Post hoc test: Tukey  
Control vs. t, P=0.3587; Control vs.tT, P=0.9750; Control vs. 
HtT, P=0.9783; t vs. tT, P=0.5635, t vs. HtT, P=0.5527; tT vs. 
HtT, P>0.9999 

3.18a HES1/ACTB 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 

2.017 
P=0.1902 

t 3 0.5483 0.1499 
tT 3 0.7763 0.1804 

HtT 3 0.5827 0.1754 

Post hoc test: Tukey  
Control vs. t, P=0.2079; Control vs.tT, P=0.7104; Control vs. 
HtT, P=0.2589; t vs. tT, P=0.6988, t vs. HtT, P=0.9982; tT vs. 
HtT, P=0.7877 
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Figure Group N 
Parameter 
Measured 

Mean SEM 
Statistical 

test 

3.18b 

Hes1 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 

3.972 
P=0.0527 

t 3 1.352 0.186 
tT 3 1.148 0.0730 

HtT 3 1.149 0.0413 

Post hoc test: Tukey  
Control vs. t, P=0.0363; Control vs.tT, P=0.5126; Control vs. 
HtT, P=0.5043; t vs. tT, P=0.2664, t vs. HtT, P=0.2719; tT vs. 
HtT, P>0.9999 

Hes2 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 

1.443 
P=0.3009 

t 3 2.476 1.129 
tT 3 2.266 0.8884 

HtT 3 4.917 2.316 

Post hoc test: Tukey  
Control vs. t, P=0.8675; Control vs.tT, P=0.9103; Control vs. 
HtT, P=0.2532; t vs. tT, P=0.9995, t vs. HtT, P=0.6064; tT vs. 
HtT, P=0.5461 

Hey1 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3,4) = 
0.4576 

P=0.7266 

t 3 0.7711 0.0671 
tT 3 0.7565 0.0715 

HtT 3 1.114 0.5095 

Post hoc test: Tukey  
Control vs. t, P=0.9192; Control vs.tT, P=0.9055; Control vs. 
HtT, P=0.9883; t vs. tT, P>0.9999, t vs. HtT, P=0.7910; tT vs. 
HtT, P=0.7717 

Hey2 

Control 3 Fold 
difference 
compared 
to control 

1.000 0.000 One-way 
ANOVA 
F(3, 8) = 

1.415 
P=0.3079 

t 3 1.253 0.0645 
tT 3 1.038 0.1244 

HtT 3 1.105 0.1249 

Post hoc test: Tukey  
Control vs. t, P=0.2965; Control vs.tT, P=0.9911; Control vs. 
HtT, P=0.8561; t vs. tT, P=0.4190, t vs. HtT, P=0.6898; tT vs. 
HtT, P=0.9555 

 
 

  



 99 

Table 3.6: Experimental models 

Experimental Models: 
Organisms/Strains 

Source Identifier 

Fah-/-/Rag2-/-/Il2rg-/- Sirpa-/- 
mice (FRGN) 

Wilson et al., 2014 
N/A 

cDNA-uPA/SCID mice Tateno et al., 2015 N/A 
Primary human 
hepatocytes 

BioreclamationIVT 
 

Cat# M00995-P; Lot# FLO 

 

Table 3.7: Software and algorithms 

Software and Algorithms Source Identifier 
Leica SP5 upright confocal 
microscope with AOBS 

  

Leica DM6B microscope 
with 4.2MP cMOS camera 
and imaging station 

  

Excel Microsoft Office 16 
Fiji Schindelin et al., 2012 

[83] 
N/A 

Prism GraphPad Version 8.1.2 
Adobe Illustrator Adobe CC 2019 
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