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SUMMARY 

           The liver executes a plethora of functions such as drug metabolism, plasma protein 

secretion, and urea synthesis. Additionally, drug toxicity to the liver is a leading cause of drug 

attrition and liver cancer is the third leading cause of cancer-related deaths worldwide. Given 

differences between animals and humans in liver pathways, models of the human liver are 

essential for mechanistic studies and for drug screening. Unfortunately, human liver cells, both 

primary and cancer-derived, display low liver cell functions in conventional 2D monolayers. The 

micropatterned coculture (MPCC) platform, in which hepatocytes are organized onto collagen 

domains of empirically optimized dimensions and subsequently cocultured with fibroblasts, has 

been shown to induce high hepatocyte functions for several weeks. However, the current 

configuration of MPCCs lacks a key cell type of the liver, cholangiocytes (biliary epithelial 

cells), and it is not clear if MPCCs can be used for the development of a liver cancer screening 

system.  

         This thesis aims to address these abovementioned limitations. Results obtained demonstrate 

that several liver cancer cell lines cultured in the MPCC platform maintain cell proliferation, 

higher liver cell functions, and can be effectively used to determine cytotoxicity of cancer drugs 

and detect cancer related gene expression. Furthermore, results show that while cholangiocytes 

cannot support primary human hepatocytes to the same extent as the fibroblasts, creation of a 

three-cell type model (hepatocytes, cholangiocytes, and fibroblasts) with higher ratio of 

fibroblasts and lower ratio of cholangiocytes allows high levels of functions in hepatocytes and 

retention of cholangiocyte morphology. Interestingly, three-cell type model also showed 

significantly inhibition of hepatic function and displayed increased microvascular steatosis which 
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 SUMMARY (continued) 

may suggest that the three-cell type model could be developed as a liver disease (e.g. fibrosis) 

model. In conclusion, the model systems developed are potentially useful for fundamental 

research in liver cancer and hepatocyte-cholangiocyte interactions, and for screening the cancer 

related pathways and efficacy and/or toxicity of drugs. In the future, the model systems can be 

integrated to study the effects of cholangiocytes in liver diseases or on liver cancer cells and to 

build models of both hepatocellular carcinoma and cholangiocarcinoma (liver cancer subtypes). 
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CHAPTER 1. HUMAN LIVER CANCER MODEL 

1.1 INTRODUCTION 

1.1.1 Background of liver cancer 

         Liver cancer is the second leading cause of cancer mortality in men and the sixth leading 

cause in women worldwide [1]. The incidence rates in U.S. increase about 3% to 4% per year 

and 5-year survival rate is lower than 20% [2]. Among primary liver cancer, about 70% to 85% 

of cases are hepatocellular carcinoma (HCC) which is the most common subtype of primary liver 

cancer [1]. The difficulty of curing liver cancer and high death rate may be caused by clinical 

and biological heterogeneity [3]; furthermore, the variability of HCC is likely due to many 

factors like body condition of patients, different diseases that lead to liver cancer such as 

hepatitis B virus (HBV), hepatitis C virus (HCV), alcohol-related cirrhosis, nonalcoholic fatty 

liver disease, and obesity. In addition, the heterogeneity of cancer also affects drug development. 

Since heterogeneity of HCC makes it difficult to find target genes and good therapies, the cost of 

drug development is huge every year. For a single successful drug, the highest estimated cost is 

about $2.7 billion [4]. Part of the cost may be due to the failed drugs in a therapeutic program. 

Many of the drugs fail in clinical tests which may suggest the need for a new strategy for pre-

clinical testing [5, 6]. In this study, we focus on in vitro pre-clinical model which can maintain 

cell differentiation and hepatic functions of liver cancer cell lines. Moreover, this model can be 

used to investigate cancer or drug related gene expression as well as screen with cancer drugs. 

1.1.2 Current liver models 
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         The drug development process is divided into subcategories including drug discovery, pre-

clinical tests, and clinical tests (Figure 1). Both in vitro and in vivo liver models were developed 

for drug screening in pre-clinical tests. The in vivo animal models are good to mimic cancer 

microenvironment and control the conditions of cancer. However, the cost of animal models is 

usually higher than in vitro models and the difference between animal and human cells may 

cause different drug effects [5, 7]. Additionally, ethical concerns have been raised regarding 

reliance on animal testing [8]. Based on the reasons above, increased number of in vitro models 

are used for drug screening. Two-dimensional (2D) conventional cell cultures are efficient and 

used for many years. However, hepatocytes lose functions and viability rapidly in 2D 

conventional mono-cultures [9]; therefore, some methods such as sandwich cultures, co-culture 

platforms, and three-dimensional (3D) cultures have been developed.  

         Human hepatocytes were cultured in collagen-Matrigel sandwich culture and used for 

short-term research [10]. Then, the micropatterned co-culture (MPCC), in which hepatocytes are 

patterned onto collagen islands and co-cultured with surrounding fibroblasts, has been shown to 

induce high hepatocyte functions for several weeks [11]. It has been used for many hepatotropic 

pathogen studies such as HBV and HCV [12] and various cell types that co-culture with primary 

hepatocytes such as hepatic stellate cells [13] and endothelial cells [14]. However, it is not clear 

if fibroblast can also stabilize liver cancer cell lines and if the MPCC platform can be used for 

liver cancer drug toxicity screening. Another type of models is 3D culture platforms which are 

used often in cancer research since 3D cultures can better mimic the natural microenvironment of 

tumors in human body. Porous alginate scaffold has been reported to create 3D organotypic liver 

cancer cells culture models [15] and hanging drop method has been used for 3D heterospheroid 
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models [16]. These 3D cultures that mimic 3D tumor environment were shown to provide 

extracellular matrix (ECM) barrier, maintain cell viability, and could be used for drug screening. 

However, the result of hepatic functions such as albumin secretion and cytochrome P450 

(CYP450) activities is limited. Therefore, there is a need for a liver cancer model that can 

maintain cell differentiation and show hepatic functions such as CYP enzyme activities that may 

increase drug resistance of cancer cells as in vivo. 

1.1.3 Purpose of the study 

         In this study, the purpose is to create a liver cancer cell in vitro model which can be used in 

pre-clinical testing for drug screening and investigating liver cancer and drug related genes. To 

develop liver cancer models, well differentiated hepatocellular carcinoma cell lines, HepG2, 

HepaRG, and Huh 7 (which are normally used for HCC research) were cultured within the 

MPCC platform. These models were evaluated by comparison of cell morphology and hepatic 

functions including albumin secretion, CYP enzyme activities and cancer related gene 

expressions. Based on the comparative analysis, the suitable models that maintained higher and 

stable hepatic functions were created and chosen for drug screening. To compare the effects of 

different drugs, selected models were treated with five liver cancer drugs. Albumin secretion and 

cell viability were measured to elucidate drug effects on the liver cancer models.  
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1.2 MATERIALS AND MATHODS 

1.2.1 Micropatterned co-culture of liver cancer cell lines and fibroblast 3T3-J2 

         HepG2 cells were obtained from American Tissue Culture Collection (Manassas, VA). 

HepaRG cells were obtained from Biopredic International (France). Huh 7 cells were obtained 

from Charles Rice at Rockefeller University (New York, NY). HepG2 and Huh 7 vials were 

thawed in 37°C water bath for 120s and diluted in 25ml of hepatocyte seeding media (the 

formulation was described previously [17]). Then the cell suspension of HepG2 was spun at 

500xg for 5min and Huh 7 cells was spun at 1000rpm for 5min. The supernatant was discarded 

and then the cells were re-suspended in hepatocyte seeding medium. HepaRG vials were thawed 

in 37°C water bath for 120s and diluted in 8ml of hepatocyte seeding media. Then the cell 

suspension without spinning was used for cell counting directly. Cancer cell viability was 

assessed by using the trypan blue exclusion method. 

         MPCCs were created as previous described [12] (Figure 2). Briefly, adsorbed rat tail 

collagen I was lithographically patterned in each well of a multi-well plate to create 500 µm 

diameter circular domains spaced 1200 µm apart, center-to-center. Liver cancer cells were 

seeded (~30K cells per well of a 96-well plate and ~180K cells per well of a 24-well plate) and 

selectively attached to the collagen domains on ~13 collagen-coated islands within each well of a 

96-well plate and ~90 collagen-coated islands within each well of a 24-well plate. The next day, 

after cancer cells were spread to fill in the collagen islands, 3T3-J2 fibroblasts ,which were 

cultured and passaged as previous described [11], were seeded at ~15k cells per well in a 96-well 
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plate and ~90k cells per well in a 24-well plate. Micropatterned pure hepatocytes cultures 

(MPHs) were created by the same protocol above but without fibroblast seeding.  

1.2.2 Quantitative polymerase chain reaction (qPCR) 

         RNA was extracted from 24-well plate cultures with the GeneJET RNA Purification Kit 

(Thermo Fisher Scientific, Waltham, MA) and homogenized by homogenizing columns (Omega 

Bio-Tek, Norcross, GA). RNA was treated with DNAse I (New England Biolabs, Ipswich, MA) 

to remove genomic DNA and reverse transcribed into complementary DNA (cDNA). Then, 

250ng of cDNA was used in qPCR with the Taqman™ master mix (Thermo Fisher Scientific) 

and pre-designed Taqman human-specific primer/probe sets including E-cadherin (CDH1), N-

cadherin (CDH2), and vimentin (VIM). All gene expression data was normalized to the data of 

GAPDH and then normalized to the data of first time point of MPH. 

1.2.3 Quantification of cell functionality  

         Culture supernatants were collected every two days and assessed for albumin concentration 

using the protocol as previously described [11]. Briefly, albumin concentration was determined 

by using a competitive enzyme-linked immunosorbent assay (ELISA) with horseradish 

peroxidase detection and 3,3’,5,5’-tetramethylbenzidine (TMB, Rockland Immunochemicals, 

Boyertown, PA) as the substrate. CYP2A6 enzyme activity was measured by incubating the 

cultures with substrate, coumarin (Sigma-Aldrich, St. Louis, MO), for 1 hour at 37°C. Then the 

modification of coumarin to fluorescent 7-hydroxy-coumarin was detected to measure the 

CYP2A6 activity. 
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1.2.4 Drug dosing and cell viability  

         HepG2 MPCCs were cultured for 7 days and HepaRG MPCCs were cultured for 11 days to 

stabilize their functions. Fibroblast mono-cultures were cultured over the same time-period. Then 

MPCCs and fibroblast mono-cultures were dosed with drugs every two days for 6 days (3 total 

dosings) in 2% bovine serum supplement culture medium comprising of Dulbecco’s Modified 

Eagle’s Medium (DMEM, Corning), 2% of bovine serum (Life Technologies, Carlsbad, CA),15 

mM HEPES buffer (Corning Cellgro, Manassas, VA), 1% vol/vol ITS+ supplement (Corning 

Life Sciences, Tewksbury, MA), 1% vol/vol penicillin-streptomycin (Corning Cellgro), and 100 

nM glucagon (Sigma-Aldrich) with anti-cancer drugs. Sorafenib, 5-fluorouracil, doxorubicin, 

vincristine, and cisplatin were purchased from Cayman Chemical (Ann Arbor, Michigan, USA) 

and dissolved in dimethyl sulfoxide (DMSO, Corning) or dimethyl formamide (DMF, Sigma-

Aldrich). The DMSO or DMF concentration that the cultures were exposed to was kept between 

0.025% and 0.5% (vol/vol) relative to the culture medium for all drugs and control cultures were 

treated with DMSO or DMF at corresponding concentrations. Culture supernatants were 

collected for albumin assay as described above. Cell viability was measured every two days after 

drug dosing by using the PrestoBlue® cell viability reagent (Thermo Fisher Scientific) according 

to manufacturer’s protocols. 

1.2.5 Data analysis 

         Each experiment was carried out in triplicate wells for each condition. Microsoft Excel and 

GraphPad Prism (La Jolla, CA) were used for analyzing and graphing data. Error bars on graphs 
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represent standard deviation for each condition. Statistical significance was determined using 

two-way analysis of variance (ANOVA) with a Bonferroni test.  
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1.3 RESULTS 

1.3.1 Morphology of liver cancer cell/fibroblast co-cultures and liver cancer cell mono-

cultures 

         Liver cancer cell line HepG2, HepaRG, and Huh 7 could be patterned and HepG2 and 

HepaRG could form spheroids after two weeks in culture (Figure 3). For HepG2, the circular 

shape of the islands could be maintained but the islands became larger and spheroids of cancer 

cells were formed after two weeks (Figure 3A and 3D). In contrast, HepaRG cells were 

patterned after HepaRG seeding but the islands were infiltrated by the fibroblasts (Figure 3B); 

however, after two weeks, the HepaRG reorganized on the islands as spheroid-like cultures 

intermixed with the fibroblasts (Figure 3E). Unlike HepG2 and HepaRG, Huh 7 could maintain 

the micropatterned geometry for the first week (Figure 3C) but cells spread out and 

morphologically resembled monolayer cultures after two weeks (Figure 3F). 

         In comparison to the MPH controls, the MPCC format was found to help liver cancer cells 

form spheroids, likely due to the cell-cell heterotypic interactions introduced by the fibroblasts 

that inhibited cell spreading. In MPH controls, though HepG2 cells could maintain the pattern 

geometry for first week (Figure 3G), HepaRG and Huh 7 proliferated such that the island shapes 

became irregular and monolayers were established. (Figure 3H and 3I). After culturing for two 

weeks, HepG2 MPHs could form spheroids as in MPCCs; however, cell proliferation enlarged 

islands that caused islands to merge with each other and resemble conventional monolayer 

cultures; such results were similar to HepaRG and Huh7 cells after 1 week in culture (Figure 

3J). Furthermore, HepaRG and Huh 7 did not display any evidence of spheroidal formation due 

to the transition into monolayers (Figure 3K and 3L).       
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1.3.2 Comparison of liver cancer cell/fibroblast co-cultures and liver cancer cell mono-

cultures 

         To understand if MPCC platform can affect cancer related pathways in the cultured cancer 

cells, the gene expression of E-cadherin (a marker of epithelial cell), N-cadherin, and vimentin 

(markers of mesenchymal cell) were evaluated in MPCCs and MPH controls (Figure 4). These 

genes are the markers of epithelial-mesenchymal transition (EMT) pathway and mesenchymal-

epithelial transition (MET) pathway which are known as important pathways of cancer 

development including HCC [18].  Overall, the results showed higher E-cadherin expression as 

compared to N-cadherin and vimentin expression. In addition, E-cadherin expression increased 

over three weeks. The results indicated that MPCC and MPH culture platforms could help liver 

cancer cells undergo MET pathway. For HepaRG cell line, E-cadherin expression of MPCCs is 

slightly higher than the expression of MPHs which suggested HepaRG cells in MPCCs 

underwent MET pathway more so than in MPHs; however, the results were not statistically 

significantly across MPCCs and MPHs.  

         At the functional level, to verify whether MPCCs maintain liver cell functions better than 

MPHs, albumin function and CYP enzyme activity were tested and MPHs were used as controls. 

For albumin function (Figure 5A, 5C and 5E), HepG2 and HepaRG in MPCCs demonstrated 

higher albumin function than MPH controls, with HepaRG displaying a greater differential. 

Moreover, the HepG2 and HepaRG in MPCCs maintained stable albumin secretion over three 

weeks. However, Huh7 in MPCCs showed similar albumin secretion levels as MPHs. For CYP 

enzyme activity (Figure 5B, 5D, and 5F), all three cell lines in MPCCs had higher CYP2A6 

activities than in MPHs, especially for HepaRG co-cultures. CYP3A4 activities were also tested 
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and MPCCs could maintain enzymes activities but no significant different between MPCCs and 

MPHs were detected (data not shown). These data suggested that cell-cell interactions from 

fibroblasts support induction of most, if not all, drug metabolism pathways. 

1.3.3 Cancer drug screening 

         As described above, Huh 7 could not form spheroids and maintain stable albumin secretion 

overtime. On the other hand, HepG2 and HepaRG in MPCCs could form spheroids and 

maintained increased liver functions than in MPHs.  Therefore, the MPCC models of HepG2 and 

HepaRG were used in subsequent cancer drug screening studies. In general, culture medium 

without serum is used for drug screening to avoid drug binding to animal-derived serum proteins 

[19, 20]. However, the viability of the fibroblasts cultured in a serum-free culture medium 

(Figure 6A) decreased overtime. Fibroblast cells are a crucial cell type in MPCCs since the 

fibroblasts can support and stabilize liver cell functions as described above. Thus, to find a better 

media formulation that contained optimal serum levels for fibroblast maintenance with minimal 

drug binding, media titrated with various percentages of serum were tested prior to drug 

screening. Sorafenib, an FDA approved liver cancer drug, and HepG2 MPCCs were used to test 

serum and drug interaction.  Fibroblast in serum-supplemented medium at 2%, 5%, and 10%, 

compared with a serum-free medium control, maintained viability for over three weeks in culture 

(Figure 6A). The drug toxicity data for sorafinib across the various media formulations 

suggested that higher serum levels caused the drug toxicity to decrease in cultures (Figure 6B, 

C, and D), potentially due to increased drug binding to higher concentrations of serum proteins. 

Both albumin function and cell viability of MPCCs increased with higher serum concentrations. 

However, similar results were observed when MPCCs were cultured in 2% serum supplemented 



11 

 

 

 

medium relative to the serum-free control. Thus, 2% serum supplemented medium was used for 

cancer drug screening in this study. 

         To understand toxicity of cancer drugs, albumin secretion and cell viability were measured 

in this experiment. Cell viability of fibroblast mono-cultures was measured as a control relative 

to the viability of liver cancer cells in MPCCs. It was also measured to know whether drugs can 

affect non-cancer cell type through cytotoxic, rather than hepatotoxic, pathways. Test 1 of 

fibroblast viability was done alongside HepG2s and the fibroblasts were cultured for 7 days 

before drug dosing. Test 2 of fibroblast viability was done alongside HepaRGs and the 

fibroblasts were cultured for 11 days. All cancer drugs tested here, sorafenib (Figure 7), 5-

fluorouracil (Figure 8), doxorubicin (Figure 9), vincristine (Figure 10) and cisplatin (Figure 

11), showed time-dependent hepatotoxicity based on albumin secretion data. In addition, 

temporal- and dose-dependent responses of toxicity were found. Interestingly, the results 

suggested that the various liver cancer-specific drugs caused different effects in the liver cancer 

cell model.  

         First, sorafenib (Figure 7) caused a decrease in cell viability for both MPCCs and 

fibroblasts. However, albumin function dramatically decreased which may indicate more toxicity 

to liver cancer cells. Unlike sorafenib, the toxicity of 5-fluorouracil (Figure 8) is lower for 

fibroblasts; moreover, the albumin function results indicated that 5-fluorouracil toxicity to liver 

cancer cells is lower and there is a delayed onset of toxicity. Doxorubicin caused toxicity to both 

liver cancer and non-cancer cells but higher toxicity was observed in fibroblasts (Figure 9). For 

vincristine (Figure 10), the viability results were similar to the results obtained with 5-

fluorouracil. Specifically, viability of both MPCCs and fibroblast mono-cultures were similar 
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throughout the drug dosing period. However, without affecting cell viability, albumin function 

showed dramatic decrease over time which may suggest that vincristine caused high 

hepatotoxicity. The last drug tested was cisplatin (Figure 11), which also caused toxicity to both 

cell types but it affected albumin function more than cell viabilities.  
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1.4 DISCUSSION 

                  In this study, we developed an in vitro liver cancer model for drug screening and 

investigating cancer related pathways. This model can be used to observe cell morphology easily 

using conventional microscopy (as opposed to confocal microscopy) and liver cancer cell lines 

could be stabilized and maintained hepatic functions in MPCC models via the inclusions of 

supporting fibroblasts. Additionally, gene expression could be detected and the results suggested 

that liver cancer cells in the MPCC models could undergo MET pathway and maintain cell 

differentiation for several weeks. Moreover, MPCCs could be used for drug screening. Co-

culture of liver cancer cells and fibroblasts could show drug effect on cancer cell lines and non-

cancer cell type. Drug effects of cell lines could be determined by detecting albumin secretion 

and cell viability. The results of drug effects showed that toxicity of liver cancer cells is time- 

and dose- dependent. Therefore, this model could support liver cancer cells long-term and is 

useful to investigate gene expression changes and the effects of cancer drugs on cells. 

         Three different liver cancer cell lines were used in this study. As the results showed above, 

the differences in morphologies and hepatic functions may be due to different origins of the liver 

cancer cell lines. HepG2 is a well differentiated human hepatocellular carcinoma cell line which 

was isolated from the hepatocellular carcinoma of a 15-year-old Caucasian American. This cell 

line is one of the most commonly used hepatoma cell lines in hepatotoxicity research [21, 22] 

and it shows epithelial morphology in culture. As we described above, HepG2 maintained higher 

E-cadherin expression and lower N-cadherin and vimentin expression which suggest that HepG2 

may undergo MET pathway. MET pathway and EMT pathway are related to tumor formation 

and development [23, 24]. Cells undergoing EMT pathway lose cell-cell adhesion and increase 
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cell metastasis [25, 26]. In contrast, MET pathway has the opposite role as the EMT pathway. 

HepG2 underwent MET pathway and expressed epithelial features that maintained cell 

differentiation but decreased cell metastasis. Therefore, HepG2 could form spheroids in both 

MPCCs and MPHs. Although, HepG2 cultured in both MPCC and MPH culture platforms could 

show epithelial cell features and form spheroids. However, due to the support of fibroblasts, 

HepG2 in MPCCs performed higher hepatic functions than in MPHs.  

         Another hepatoma cell line, HepaRG, could also form spheroids and showed higher hepatic 

functions only when cultured in the MPCC culture platforms. HepaRG, which was derived from 

a hepatocellular carcinoma with HCV, is a bipotential progenitor cell type that can differentiate 

to hepatocyte-like and cholangiocyte-like cells [27, 28]. We found that increased hepatic 

functions may suggest that with the support of fibroblasts, HepaRG displayed more hepatocyte-

like functions. Spheroid formation of HepaRG in MPCCs showed similar morphology to 

HepaRG clusters cultured with 2% dimethyl sulfoxide that can induce HepaRG differentiation 

toward hepatocyte-like cell type [28], which may also prove that HepaRG cultured in MPCCs 

showed more hepatocyte-like cell type. Therefore, comparing to HepaRG in MPHs, cells in 

MPCCs had higher hepatic functions and could form spheroids.  

         In contrast, Huh 7 showed very different results of both cell morphology and hepatic 

functions. Huh 7, a well differentiated hepatocellular carcinoma cell line, was isolated from a 57-

year old Japanese male [29]. In our study, we observed that Huh 7 grew faster as compared to the 

other two liver cancer cell lines. Although fibroblasts were co-cultured with Huh 7 in MPCCs, 

fibroblasts could not be clearly observed over three weeks which may be due to Huh 7 

overgrowing onto the fibroblasts. Rapid cell proliferation may be due to a hepatoma-derived 
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growth factor that is secreted by Huh 7 [30]. Therefore, unlike the other cell lines which may 

grow only due to the inclusion of serum in the culture medium, Huh7 may grow due to their own 

growth factor secretions as well as the presence of serum. We anticipate that further optimization 

of the serum concentration may be needed to obtain stably functional Huh7-based MPCCs.  

         Micropatterened co-culture was shown to improve CYP enzyme activities of primary 

human hepatocytes [11]. Here, liver cancer cell lines cultured in MPCCs maintained CYP 

enzyme activities. Although the activities are lower than the activities of primary human 

hepatocytes [31], it can support cancer cell lines to resist cancer drugs that are metabolized by 

CYP enzymes, as would likely be the case in vivo in patients suffering from HCC. As we 

described above, sorafeniib, doxorubicin and cisplatin showed similar trend of albumin secretion 

and cell viability. Sorafenib is an FDA approved drug for hepatocellular carcinoma that inhibits 

tyrosine and serine/threonine kinases including vascular endothelial growth factor receptor 

(VEGFR) and Raf [32-34]. The inhibition of these kinases causes a decrease of cell proliferation 

and angiogenesis of cancer cells and then causes cell apoptosis. Besides, since these kinases also 

relate to normal cell physiology [35-37], the inhibition of these kinases also inhibits non-tumor 

cell proliferation. Another drug, doxorubicin, is a multi-cancer drug that can inhibit 

topoisomerase II as well as generate reactive oxygen species which cause DNA damage, cell 

membrane damage, and apoptosis [38, 39]. Cisplatin is a drug that uses for multiple types of 

cancers which can interfere DNA replication and cause cell apoptosis [40]. Compared to the 

results of doxorubicin and sorafenib, cisplatin caused both tumor and non-tumor cell death; 

however, the fibroblasts were more resistant to cisplatin since the drug more strongly affects 

faster growing cells like cancer cells.  
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          In contrast to the results discussed above with doxorubicin, sorafenib, and cisplatin, 5-

fluorouracil and vincristine affected liver cancer cells more in this study. 5-fluorouracil is a 

cancer drug that inhibits thymidylate synthase, interferes with RNA synthesis, and causes DNA 

and RNA damage [41]. Thymidine phosphorylase is one of the important enzymes that converts 

5-fluorouracil to active metabolites. The level of thymidine phosphorylase in a tumor is higher 

than in normal tissues [42-44]; therefore, the cancer cells in the tumor are more susceptible to 5-

fluorouracil toxicity. In this study, we found that 5-fluorouracil caused more toxicity to liver 

cancer cell lines than fibroblasts which may be due to more active metabolites produced in the 

cancer cells. Another drug, vincristine, is an anti-cancer drug that inhibits microtubule 

polymerization which inhibits cell division and causes growth arrest of cells [45]. Based on the 

viability of MPCCs we described above, vincristine seemed to have no effect on the cell viability 

of both cell types but did cause a dramatic decrease in albumin secretion. It may suggest that 

vincristine affected albumin functions strongly. Clinical results have shown that vincristine may 

cause liver injury and abnormal hepatic functions [46]. Although the mechanism is not clear, it 

may support our finding that vincristine decreased albumin secretion.  

         Generally, tumors develop 3D structures in the human body. Liver cancer cells in 2D 

conventional culture may have altered gene expression, lack cell-cell interactions and cannot 

mimic the complex tumor microenvironment as well as maintain cell functions [9, 47-50]. Our 

models could maintain hepatic functions and form spheroids of liver cancer cell lines. However, 

cells could form just semi-spheroids and no 3D ECM supported the cells to form a 3D structure. 

The lack of 3D cell-cell and cell-ECM interactions may change morphology and physiology of 

cancer cells. Previous articles reported multiple methods of using 3D cultures and ECM 
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scaffolds. Hanging drop method [16, 51], decellularized scaffolds [52], and rotational wall vessel 

bioreactors [53] were used to form 3D structure of liver cancer cells for cancer research. For 

ECM, collagen and alginate were used to support cancer cell lines for 3D cultures [16, 54]. 

These 3D cultures have been proved to maintain cell functions and viability. In addition, to 

improve cell functions, co-cultured cell types that can support liver cancer cells also play a 

crucial role in 3D tumor models. In our study, 3T3-J2 fibroblasts were used to support liver 

cancer cells. However, 3T3-J2 is not a human cell type. The interaction between cancer cells and 

cancer associated stromal cells creates a complex tumor environment [55]. Hepatic stellate cells, 

endothelial cells, and macrophages have been reported to support tumor growth as well as cause 

angiogenesis and inflammation [56-59]. All these cell types may need to be considered for 

improving MPCC-based liver cancer models in the future. 

         In conclusion, we created an in vitro liver cancer model that supported hepatic functions 

and could be used for drug screening and gene expression analysis. To understand the role of 

drug metabolism in cancer cell MPCCs, CYP3A4 enzyme activity was inhibited using a small 

molecule drug; however, no significant difference was detectable between the cells treated with 

cancer drug and the cells treated with both cancer drug and inhibitor (data not show). Further 

experiments of drug metabolism pathways will need to be carried out in the future. In addition, to 

mimic tumor microenvironment, 3D cultures of liver cancer cell lines with ECM and other 

cancer related cell types such as hepatic stellate cells and macrophages may be considered to 

improve pathophysiological relevance of this liver cancer model. 
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FIGURES 

 

Figure 1. Drug development process (with permission of SAGE Publications )[60]. Here, we 

focused on the advanced screening for cancer and drug related pathway and mechanism (red 

square) in the pre-clinical testing process.
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Figure 2. Process of micropatterned co-culture and spheroid formation of liver cancer cell lines 

(with permission of SAGE Publications )[60].  

  



20 

 

 

 

 

Figure 3. Morphology of liver cancer cell/fibroblast co-cultures (top) relative to patterned liver 

cancer cell mono-cultures (bottom). HepG2 and HepaRG MPCCs showed spheroid formation 

over 18 days but no spheroid formed in Huh 7 MPCC. In MPHs, HepG2 form spheroids over 18 

days but HepaRG and Huh 7 cells spread and grew like in 2D monolayer cultures. All scale bars 

= 400 µm. 
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Figure 4. EMT and MET pathways related gene expressions. RNA was extracted from MPCC 

and MPH of HepG2 (A), HepaRG (B), and Huh 7 (C) to assess gene expression of E-cadherin 

vimentin, and N-cadherin. *P < 0.05 
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Figure 5. Functions of liver cancer models. Functions of MPCC models as compared to MPH 

models including albumin secretion (left) and CYP2A6 enzyme activity (right). *P < 0.05, **P < 

0.01, ***P < 0.001, and ****P < 0.0001. 
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Figure 6. Serum test for drug-serum interactions. (A) Fibroblast viability in 0%, 2%, 5%, and 

10% serum-supplemented medium containing DMSO. (B)-(D) Albumin secretion and cell 

viability at different time points in HepG2 MPCCs treated with drugs dissolved in media 

supplemented with varying concentrations of serum (or serum-free). Data is presented relative to 

the DMSO-treated control cultures. T1=2 days after treatment with drugs; T2=4 days after 

treatment with drugs; T3=6 days after treatment with drugs. *P < 0.05, and ****P < 0.0001. 
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Figure 7. Treatment of MPCCs (containing either HepG2 or HepaRG liver cancer cell line) with 

sorafenib and assessment of MPCC viability (A) and albumin secretion (B) relative to DMSO-

treated control cultures. Viability of fibroblast controls is in panel (C) across two experiments. 

T1, T2, and T3 are 2, 4, and 6 days after drug treatment, respectively.  
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Figure 8. Treatment of MPCCs (containing either HepG2 or HepaRG liver cancer cell line) with 

5-fluorouracil and assessment of MPCC viability (A) and albumin secretion (B) relative to 

DMSO-treated control cultures. Viability of fibroblast controls is in panel (C) across two 

experiments. T1, T2, and T3 are 2, 4, and 6 days after drug treatment, respectively.  
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Figure 9. Treatment of MPCCs (containing either HepG2 or HepaRG liver cancer cell line) with 

doxorubicin and assessment of MPCC viability (A) and albumin secretion (B) relative to DMSO-

treated control cultures. Viability of fibroblast controls is in panel (C) across two experiments. 

T1, T2, and T3 are 2, 4, and 6 days after drug treatment, respectively.
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Figure 10. Treatment of MPCCs (containing either HepG2 or HepaRG liver cancer cell line) 

with vincristine and assessment of MPCC viability (A) and albumin secretion (B) relative to 

DMSO-treated control cultures. Viability of fibroblast controls is in panel (C) across two 

experiments. T1, T2, and T3 are 2, 4, and 6 days after drug treatment, respectively.  
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Figure 11. Treatment of MPCCs (containing either HepG2 or HepaRG liver cancer cell line) 

with cisplatin and assessment of MPCC viability (A) and albumin secretion (B) relative to 

DMSO-treated control cultures. Viability of fibroblast controls is in panel (C) across two 

experiments. T1, T2, and T3 are 2, 4, and 6 days after drug treatment, respectively.  
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CHAPTER 2. HUMAN CHOLANGIOCYTE MODEL 

2.1 INTRODUCTION 

2.1.1 Importance of hepatocyte and cholangiocyte in liver 

         Liver is a highly metabolic organ comprised of two epithelial cell types. The main 

epithelial cell type in the liver is called the hepatocyte, which account for about 70% of total 

cells in liver (Figure 1). Hepatocyte contributes to protein synthesis, metabolism, and 

detoxification in the human body and it has been used for research of liver physiology, 

pathology, and chronic drug screening. However, the problem with conventional hepatocyte 

cultures in vitro is that hepatocyte lose function rapidly in 2D monolayers [1]. There is a need to 

create a culture platform to stabilize and support hepatocyte in vitro. The other cell type of the 

liver epithelial cell is cholangiocyte, which lines the bile duct system (Figure 1). Although 

cholangiocytes only comprise about 3% to 5% of the total cells in liver, they play an important 

role of liver physiology, regeneration, and pathology [2, 3]. The main function of cholangiocytes 

is bile secretion and transport, which are regulated by many transporters such as water channels 

and Cl–/HCO3 – exchangers [4]. Another function of cholangiocytes may be related to the 

interaction with other cell types such as hepatocytes. Generally, cholangiocytes in the liver are 

maintained in a quiescent (non-proliferative) state [3]. However, liver injury can cause bile duct 

injury, impair hepatocyte proliferation, and cause cholangiocytes to become activated and 

proliferate. Cholangiocyte proliferation, also called ductular reaction, is thought to be associated 

with several liver diseases such as liver fibrosis [5]. Therefore, hepatocytes and cholangiocytes 

are both very crucial in liver research and it is important to model their heterotypic interactions 
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in vitro. Moreover, since cholangiocytes are the targets of many liver diseases, the model may be 

used to develop a liver disease model for drug screening purposes. 

2.1.2 Research on hepatocytes and cholangiocytes  

        As described above, hepatocytes cannot be stabilized in 2D conventional cultures. To 

improve hepatocyte culture and maintain their functions over at least a few weeks in culture, the 

micropatterned co-culture (MPCC) platform was used to co-culture primary human hepatocytes 

(PHHs) with 3T3-J2 murine embryonic fibroblasts, which can support and stabilize hepatocytes 

[6]. This culture platform has been shown to maintain hepatic functions for 4-6 weeks. However, 

it is not clear if cholangiocytes can be incorporated into the MPCC model towards modeling 

hepatocyte-cholangiocyte interactions. Another method co-cultured PHHs with rat liver 

epithelial cells, which enhanced hepatocyte functions [7]. However, rat liver epithelial cells are 

considered to be unrelated to bile duct cells. Besides, rat cells and human cells maintain key 

species-species differences in metabolic pathways [8, 9]. In another study, Schlosser et al. 

showed that increased [Ca2+] in hepatocytes could increase [Ca2+] in bile duct cells and other 

hepatocytes [10]. Finally, Liu et al. showed that hepatocytes could be derived from 

cholangiocytes when hepatocyte proliferation was inhibited [11]. They created an in vivo mouse 

model that caused liver injury and inhibited hepatocyte proliferation; in this model, 

cholangiocytes transdifferentiated into hepatocytes. Despite the above-discussed progress in 

modeling interactions of hepatocytes and cholangiocytes, there remains a need for a human-

relevant model that can be used to mimic in vivo-like interactions between PHHs and primary 

human cholangiocytes towards modeling disease phenotypes for drug discovery/screening. 
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2.1.3 Purpose of the study 

         In this study, we sought to create a culture platform that can be used to support and 

maintain PHH and cholangiocyte viability and functions as well as to understand the interaction 

of these two cell types. Specifically, we utilized the MPCC platform to create co-cultures of 

hepatocytes and cholangiocytes (C-MPCCs) to determine if cholangiocytes could 

support/stabilize hepatic functions in vitro. In addition, since 3T3-J2 fibroblasts have been 

previously shown to support hepatocyte functions for several weeks, we created 

hepatocyte/cholangiocyte/fibroblast tri-cultures (C-MPTCs) to compare and contrast with the C-

MPCC model. Morphology and functional markers were measured in the culture platforms to 

determine the effects on cell phenotypes. 
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2.2 MATERIALS AND MATHODS 

2.2.1 Cholangiocyte culture 

         Cryopreserved cholangiocyte vials were purchased from ZenBio (Research Triangle Park, 

NC). Cells were cultured and passaged with cholangiocyte culture medium comprised of 

Dulbecco’s Modified Eagle’s Medium/ F-12 50/50 (DMEM/ F-12, Corning), 10% of bovine 

serum (Life Technologies, Carlsbad, CA), 1% vol/vol penicillin-streptomycin (Corning Cellgro), 

hydrocortisone (2.5μg/mL), insulin (5μg/mL), and epidermal growth factor (EGF, 10ng/mL). 

Cholangiocytes were thawed in 37°C water bath for 120 seconds and diluted in10 mL 

cholangiocyte culture medium. Then, the cell suspension of cholangiocytes was spun at 200xg 

for 5 minutes. The supernatant was discarded and the cells were re-suspended in cholangiocyte 

culture medium. Cholangiocytes were then cultured in flasks with manufacturer recommended 

cell density, and culture medium was changed every other day.  

2.2.2 Micropatterened co-cultures and tri-cultures 

        Cryopreserved PHHs were commercially obtained from Triangle Research Labs (Durham, 

NC). PHHs were thawed, counted, and viability was assessed as previously described [12]. 

MPCCs were created as described in chapter 1. Briefly, PHHs were seeded onto collagen 

patterned wells of 24-well plates. After PHHs had spread to fill in the collagen domains, the 

cultures were incubated with collagen to coat the remaining surface area to enable attachment of 

cholangiocytes. The next day, cell suspension of fibroblasts (for MPCCs), cholangiocytes (for C-

MPCCs) or fibroblasts mixed with cholangiocytes (for C-MPTCs) were seeded at ~60k cells per 

well of a 24-wells plate onto the micropatterned PHH colonies. The ratios of fibroblasts and 
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cholangiocytes in C-MPTCs were 50:50 fibroblasts/cholangiocytes, 75:25 

fibroblasts/cholangiocytes and 97:3 fibroblasts/cholangiocytes (approximate ratio in the liver  

[13]). 

2.2.3 Quantification of cell functions 

         Culture supernatants were collected and assessed for albumin and urea concentrations using 

previously described methods [6]. Briefly, albumin was measured as described in chapter 1 and 

urea production was measured by a colorimetric reaction with diacetyl monoxime, acid, and heat 

(kit from Stanbio Labs, Boerne, TX). Cytochrome P-450 (CYP450) enzyme activities were 

measured by first incubating the cultures with substrate for 1 or 3 hours at 37°C and then 

detecting either the luminescence or fluorescence of metabolites. CYP2A6 enzyme activity was 

measured as described in chapter 1. CYP1A2 enzyme activity was measured by metabolism of 7-

ethoxyresorufin to fluorescent resorufin (Sigma-Aldrich, St. Louis, MO). CYP2C9 enzyme 

activity was measured by cleavage of luciferin-H into luminescent luciferin (Promega, Madison, 

WI). CYP3A4 enzyme activity was measured by cleavage of luciferin-IPA into luminescent 

luciferin (Promega). 

2.2.4 Data analysis 

         Each experiment was carried out in triplicate wells for each condition. Microsoft Excel and 

GraphPad Prism (La Jolla, CA) were used for analyzing and graphing data. Error bars on graphs 

represent standard deviations for each condition. Statistical significance was determined using 

two-way analysis of variance (ANOVA) with a Bonferroni test.  
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2.3 RESULTS 

2.3.1 Morphology of hepatocyte/cholangiocyte co-cultures relative to hepatocyte/fibroblast 

co-cultures and hepatocyte mono-cultures 

         Cholangiocytes could be co-cultured with PHHs (C-MPCCs) and C-MPCCs were 

compared with patterned PHH mono-cultures (MPHs) and MPCCs containing PHHs and 3T3-J2 

fibroblasts (Figure 2). Hepatocytes in both MPCCs (Figure 3A and 3D) and C-MPCCs (Figure 

3B and 3E) could maintain prototypical hepatic morphology and pattern fidelity for at least three 

weeks. In addition, both co-cultures formats displayed lipid accumulation. In contrast, PHHs lost 

prototypical morphology and the patterns dissipated over two weeks (Figure 3C and 3F).  

2.3.2 Functions of hepatocyte/cholangiocyte co-cultures relative to hepatocyte/fibroblast co-

cultures and hepatocyte mono-cultures 

         At the functional level (Figure 4), MPCCs had stable and higher functions over three 

weeks as compared to C-MPCCs and MPHs. Cholangiocytes could not support PHHs in C-

MPCCs to the same extent as the fibroblasts (as in MPCCs) at the functional level; however, the 

C-MPCCs were able to maintain higher hepatic functions over the MPHs throughout the culture 

period. For albumin secretions (Figure 4A), C-MPCCs had statistically similar levels as MPCCs 

and higher levels than MPHs for ~19 days. For urea secretions (Figure 4B), both C-MPCCs and 

MPHs had lower levels than MPCCs; however, the urea levels in C-MPCCs increased after two 

weeks as compared to MPHs, though did not reach the same levels as those measured in MPCCs. 

For CYP1A2 enzyme, MPCCs and C-MPCCs had similar activities (Figure 4C) and both 

models had higher activities than MPHs. In contrast, MPCCs had higher CYP2A6 activity 
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(Figure 4D), CYP2C9 activity (Figure 4E), and CYP3A4 activity (Figure 4F) than C-MPCCs 

and MPHs. Nonetheless, CYP2C9 activity in C-MPCCs (Figure 4E) increased after two weeks 

and CYP3A4 activity (Figure 4F) increased after three weeks. The above-discussed 

results/trends suggest that cholangiocytes can support PHH functions to a certain extent, but not 

to the same extent as the 3T3-J2 fibroblasts. 

2.3.3 Morphology of hepatocyte/cholangiocyte/fibroblast tri-cultures relative to 

hepatocyte/fibroblast co-cultures 

         As discussed above, since cholangiocytes could not optimally support PHH functions, we 

created a tri-culture model in which micropatterned PHH colonies were co-cultured with a 

mixture of cholangiocytes and fibroblasts at different ratios (C-MPTCs, Figure 5). The 

morphology of PHHs and pattern fidelity could be maintained for at least three weeks in C-

MPTCs (Figure 6). However, relative to MPCCs (Figure 3A and 3D), C-MPTCs displayed 

more microvascular steatosis (lipid accumulation) after three weeks, which is reminiscent of a 

non-alcoholic steatohepatitis (NASH) phenotype [14].  

2.3.4 Functions of hepatocyte/cholangiocyte/fibroblast tri-cultures relative to 

hepatocyte/fibroblast co-cultures 

         For albumin secretions (Figure 7A), the highest ratio of fibroblasts to cholangiocytes in C-

MPTCs (3:97 cholangiocyte:fibroblast) showed higher levels than MPCCs without 

cholangiocytes. For urea secretion, the highest ratio of fibroblasts to cholangiocytes did not lead 

to levels to the same magnitude as MPCCs (Figure 7B). For CYP450 enzyme activities, except 

for CYP1A2 (Figure 7C), increasing numbers of cholangiocytes in C-MPTCs led to 
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downregulation of CYP2A6 (Figure 7D), CYP2C9 (Figure 7E), and CYP3A4 activities (Figure 

7F). Furthermore, CYP450 activities in C-MPTCs were lower (statistically) than MPCCs. 
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2.4 DISCUSSION 

         In this study, we developed two culture platforms, one in which micropatterned PHHs were 

co-cultured with cholangiocytes only (C-MPCCs), while another in which micropatterned PHHs 

were co-cultured with a mixture of cholangiocytes and 3T3-J2 fibroblasts at different ratios in a 

tri-culture configuration (C-MPTCs). We found that PHHs maintained morphology in C-MPCCs 

and hepatic functions were enhanced relative to MPHs; however, functions were significantly 

lower in C-MPCCs than in MPCCs containing only 3T3-J2 fibroblasts, which suggest that 

cholangiocytes can induce functions in PHHs relative to MPHs but not to the same extent as 

3T3-J2 fibroblasts. Furthermore, C-MPTCs containing all three cell types displayed lower 

functions than MPCCs, with CYP1A2 activity being the exception, and functions in C-MPTCs 

were down-regulated with increasing numbers of cholangiocytes relative to the number of 

fibroblasts. Moreover, more microvascular steatosis in hepatocytes was observed in C-MPTCs as 

compared to MPCCs and C-MPCCs, which suggests that the C-MPTC model could potentially 

be useful as a model of liver disease (e.g. NASH). 

        Clement et al. previously showed induction of PHH functions in co-culture with rat liver 

epithelial cells [7]. However, it is not clear if rat liver epithelial cells used in that study were 

cholangiocytes. Thus, our study constitutes the first time that cholangiocytes have been shown to 

induce any functions in PHHs in vitro relative to rapidly declining PHH mono-cultures. The 

inhibition of hepatic functions (e.g. CYP3A4 activity) in C-MPTCs with increasing numbers of 

cholangiocytes relative to MPCC controls could be partially due to the reduced numbers of 

fibroblasts for supporting PHHs optimally. However, such inhibition could also be due to the 

effects of activated cholangiocytes on PHH functions as previously observed in 
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hepatocyte/human stellate cell/fibroblast tri-cultures [14]. Human stellate cells are thought to 

cause liver fibrosis upon activation into myofibroblasts that secrete extracellular matrix proteins 

(e.g. collagen I) following injury to the liver (e.g. NASH) [15, 16]. While the exact mechanisms 

underlying inhibition of hepatic functions in C-MPTCs is not entirely clear, to our knowledge, 

we are the first group to show such an effect in vitro. Furthermore, it has been reported that 

human cholangiocytes may need fibroblasts to maintain their viability [17]. In our study, higher 

number of fibroblasts may support the cholangiocyte phenotype, though further assessments of 

cholangiocyte phenotypic markers would be needed to test this hypothesis. We also found that 

co-culture with PHHs reciprocally changed cholangiocyte morphology since in pure monolayers, 

cholangiocytes were larger in size and spread out, whereas in co-cultures, they tended to be more 

elongated and packed in. 

        Normal cholangiocytes in the liver are typically quiescent (non-proliferative) [3, 18, 19]. 

These quiescent cholangiocytes are difficult to culture in vitro [20, 21] and our own studies 

showed a low cholangiocyte growth rate in pure monolayers (data not show). However, 

cholangiocyte proliferation, also called ductular reaction, can be induced by several factors 

including bile acids, hormones, growth factors and some signaling pathways such as cAMP-

related pathways and Ca2+ related pathways in vitro or in vivo [5, 17, 22-24]. Under normal 

conditions, cholangiocyte proliferation is triggered to repair injured cells and support impaired 

functions. At the same time, cholangiocyte apoptosis is also increased. When cholangiocyte 

proliferation and apoptosis cannot maintain an equilibrium, it can cause liver disease [25-27]. 

Additionally, livers of patients with NASH [28], alcoholic liver disease [29] and hepatitis C viral 

infection [30] have all been shown to exhibit increased cholangiocyte proliferation. In this study, 
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we qualitatively observed cholangiocyte growth over time in C-MPTCs. Furthermore, we also 

observed microvascular steatosis in PHHs within C-MPTCs relative to C-MPCCs and MPCCs. 

Similar results were described in a previous study that utilized hepatocyte/human stellate 

cell/fibroblast tri-cultures, which mimicked a NASH phenotype [14]. Therefore, the hepatic 

dysfunctions, including steatosis and reduced CYP450 activities, and cholangiocyte proliferation 

in C-MPTCs may constitute a liver disease phenotype that can be potentially exploited for drug 

discovery in the future. However, further molecular profiling of the cultures would be required to 

determine the exact nature of the diseased phenotype relative to clinical liver samples. 

        The 2D C-MPTC platform provides a straight-forward strategy to observe the morphology 

of three cell types using standard light microscopy, all the while inducing hepatic functions 

relative to MPH controls. However, our 2D platform is not able to recapitulate the ductular 

structures formed by cholangiocytes in vivo. Duct-like structures have been observed in 3D 

cultures utilizing human-induced pluripotent stem cell-derived cholangiocytes [31] and normal 

human cholangiocytes [32]. We plan to build a 3D C-MPTC model in future studies to determine 

effects on cholangiocyte reorganization into duct-like structures. Additionally, since mouse 

fibroblasts do not entirely mimic human biology, we plan to pursue C-MPTCs created using 

portal human liver fibroblasts, which are found in the liver surrounding bile ducts and can 

regulate cholangiocyte proliferation via deposition of hyaluronic acid and other extracellular 

matrix proteins [33-35]. Such a revised model containing portal fibroblasts could also be used to 

understand their role in causing liver fibrosis by activation into myofibroblasts following liver 

injury [36-38]. Indeed, fibrosis, which often results from many liver diseases, typically develops 

from the portal area of the liver where cholangiocytes and portal fibroblasts reside [39-41].  
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        In conclusion, we showed in this study that cholangiocytes can support some hepatic 

functions but not to the same extent as 3T3-J2 fibroblasts. Furthermore, tri-cultures containing 

PHHs, fibroblasts, and cholangiocytes led to hepatic dysfunctions (e.g. steatosis and CYP450 

activity inhibition) as well as cholangiocyte proliferation that were reminiscent of a liver 

fibrosis/NASH phenotype. We anticipate that such a culture platform can be potentially useful as 

a drug screening tool in the future and to understand PHH-cholangiocyte interactions in liver 

pathology.   
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FIGURES 

 

Figure 1. Architecture of two adjacent liver lobules, the repeating units in the liver. From [42].  
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Figure 2. Schematic of co-cultures models from [43]. PHHs attached to collagen islands and 

were co-cultured with fibroblasts or cholangiocytes in the surrounding areas. 
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Figure 3. Morphology of MPCCs and C-MPCCs relative to MPHs. MPCC (left) and C-MPCC 

(middle) maintained morphology of PHHs over 18 days of culture as compared to declining 

morphology in MPHs (right). Lipid accumulation (white area) was observed in both MPCCs and 

C-MPCCs. All scale bars = 400 µm. 

 

 

  



50 

 

 

 

 



51 

 

 

 

Figure 4. Functions of co-culture models relative to MPHs including (A) albumin secretion, (B) 

urea production, (C) CYP1A2 enzyme activity, (D) CYP2A6 activity, (E) CYP2C9 activity, and 

(F) CYP3A4 activity. Statistic significant showed the comparison of C-MPCCs and MPHs. 

Arrows indicate undetectable data.  *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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Figure 5. Schematic of tri-culture models from [44]. PHHs attached to collagen islands and were 

co-cultured with a mixture of fibroblasts and cholangiocytes at different ratios in the surrounding 

areas. Ratios tested were 50:50, 25:75, and 3:97 cholangiocytes:fibroblasts. 
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Figure 6. Morphology of C-MPTCs over 18 days. Arrows point to the microvascular steatosis. 

All scale bars = 400 µm. 
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Figure 7. Functions of tri-culture models relative to MPCCs including (A) albumin secretion, (B) 

urea production, (C) CYP1A2 activity, (D) CYP2A6 activity, (E) CYP2C9 activity and (F) 

CYP3A4 activity. Arrows indicate undetectable data. **P < 0.01 and ****P < 0.0001. 
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