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Abstract 

Chronic liver diseases and hepatocellular carcinoma are major global health burdens and liver 

transplantation is the only curative option currently available when these conditions become end 

stage liver diseases. Due to the severe shortage of suitable donor organs, hepatocyte transplantation 

is being trialled for patients with end stage disease as well as acute liver failure. However, obtaining 

sufficient numbers of human hepatocytes from liver re-sections, cadavers and aborted fetuses for 

transplantation is the principal limiting factor. Alternate sources of cells are being sought for 

transplant purposes, drug and toxicity screening, and seeding of bio-artificial liver devices. Human 

amniotic epithelial cells (hAEC) from term placenta are a good alternative source of stem cells to 

human hepatocytes.  

In my studies, I show that differentiation of hAEC into hepatocyte like cells (HLC) results in 

expression of key hepatic transcription factors. Differentiated HLCs performed the hepatocytes 

functions including urea synthesis, drug metabolising cytochrome P450 (CYP)3A4 activity, 

indocyanine green(ICG) uptake, low-density lipoprotein (LDL) uptake and glutathione anti-oxidant 

capacity. A number of hepatocyte genes involved in fat, cholesterol, bile acid and xenobiotic 

metabolism were also expressed in the HLCs. When HLCs were encapsulated, they remained viable 

for 7 days in-vitro and continued to express genes involved in fat, cholesterol, bile acid and 

xenobiotic metabolism. Furthermore, encapsulated HLCs showed increased glutathione anti-

oxidative capacity, CYP3A4 activity and urea synthesis 

MtDNA copy did not increase with HLC differentiation, which, in turn, is marked by increased 

levels of DNA methylation at exon 2 of POLGA. Treatment with 5-azacytidine increased mtDNA 

copy number and reduced DNA methylation at exon 2 of POLGA compared to untreated controls. 

MtDNA depleted hAEC did not reconstitute their mtDNA copy number when they were allowed to 

recover for 7 and 14 days. The data were correlated with DNA methylation of POLGA at exon 2. 

Gene expression patterns indicated expression of some hepatocyte specific markers as well as 

pluripotency markers. 

I performed RNAseq to evaluate the transcriptome profile of hAEC, HLC and encapsulated HLC. 

When I compared hAEC to HLC, I found 1722 differentially regulated genes, of which 695 genes 

were upregulated and 1027 genes down regulated. I performed network analysis of the differentially 

regulated genes and found that the top networks to be affected were cell cycle control and increased 

interferon signalling. When I compared hAEC to encapsulated HLC, I found 1325 differentially 

regulated genes with 705 genes upregulated and 620 genes down regulated. Analysis of HLC and 
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encapsulated HLC indicated 286 genes were differentially regulated of which 210 genes were 

upregulated and 76 genes were down regulated. Analysis of canonical pathway showed up regulation 

of FXR/RXR activation and down regulation of pattern recognition and interferon signalling. 

Network analysis exhibited increased cellular development, cellular movement and lipid metabolism. 

Overall, hAEC can be differentiated into functional HLC. However, hAEC are unable to 

synchronously modulate their mtDNA copy number during differentiation and become immunogenic. 

Encapsulation of HLC increases their functional capacity and reduces their inflammatory response, 

thus improved differentiation is achieved when HLC are encapsulated. 
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Hypothesis 

HAEC can be differentiated into functional HLCs which retain their functions post-encapsulation. 

HLC modulate their mtDNA copy number to achieve optimal functions, respiration and ATP 

generation. These parameters can be enhanced by encapsulation of HLC. 

 

Aims 

1. Differentiate and characterise HLCs derived from hAEC. Assess the effects of encapsulation 

on HLC functions and gene expression. 

2. Evaluate changes in mtDNA copy number, DNA methylation of POLGA and gene expression 

patterns of differentiated HLCs. 

3. Evaluate the effects of encapsulation on mtDNA copy number, DNA methylation of POLGA 

and their transcriptome profile. 
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2.1 Ethics approval 

This study was approved by the Human Research Ethics Committees of Monash Medical 

Centre and The Royal Women’s Hospital. Amniotic membranes were collected from healthy 

women with a normal singleton pregnancy delivered by Caesarean section at term (N = 20). 

 

2.2 Preparation of growth factors and reagents 

2.2.1 Preparation of type I collagen 

Lyophilised 10 mg rat tail collagen type I (Roche, Mannheim, Germany) was dissolved in 10 

ml of 0.2% acetic acid (Sigma Aldrich, St Louis, MO). Reconstituted collagen was allowed to 

fully dissolve for 18 hours at 4˚C and stored at 4˚C until further use. 1 ml of collagen was 

added per 10 cm2 of tissue culture dish and incubated for 5 minutes. Excess collagen was 

aspirated and the culture dish was allowed to air dry. The culture dishes were rinsed twice 

with Dulbecco’s phosphate buffer saline (DPBS; Sigma Aldrich) and once with DMEM/F12 

media (Gibco, Grand Island, NY). 

 

2.2.2 Collection of HepG2 conditioned media 

Hepatocellular carcinoma cell line HepG2 (ATCC, HB-8065) was plated in T175 flasks (BD 

Biosciences, San Jose, CA) in DMEM/F12 with 10% fetal bovine serum (FBS; Gibco). Cell 

culture media was changed every alternate day. When cells reached 70% confluence, fresh 

culture media was added to HepG2 cells and conditioned media collected after 48 hours. 

Conditioned media was filter sterilised and 10 ml aliquots were stored at -20C until further use. 
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2.2.3 Preparation of epidermal growth factor (EGF) 

100 µg of recombinant human EGF (Gibco) was reconstituted by adding 1 ml of DPBS to 

make a 100 µg/ml stock solution. 50 µl aliquots were stored at -20˚C for further use. A final 

concentration of 10 ng/ml was used for cultures. 

 

2.2.4 Preparation of fibroblast growth factor-4 (FGF) 

10 µg of recombinant human FGF-4 was reconstituted with 1 ml of DPBS to make 10 µg/ml 

stock. The stock was aliquoted in 50 µl volume and stored at -20˚C for further use. The final 

concentration for cell culture was 10 ng/ml of FGF-4. 

 

2.2.5 Preparation of hepatocyte growth factor (HGF) 

10 µg of recombinant human HGF was reconstituted with 1 ml of DPBS to make 10 µg/ml 

stock. 50 µl aliquots were stored at -20˚C for further use. The final concentration for cell 

culture was 10 ng/ml of HGF. 

 

2.2.6 Preparation of dexamethasone 

1 mg of dexamethasone (Sigma Aldrich) was dissolved in 1 ml of absolute ethanol (Sigma 

Aldrich) to achieve 1 mg/ml solution (2.548 mM). Further 24.48 ml of DMEM/F12 was added 

to the solution to achieve 0.1 mM stock solution. Stock solution was aliquoted into 500 µl 

volume and stored at -20˚C for further use. The final concentration for cell culture was 0.1 µM 

of dexamethasone. 
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2.2.7 Preparation of 2’-3’-dideoxycytidine (ddC) 

A stock solution of 10 µM was generated by dissolving 21.1 mg of ddC (Sigma Aldrich) in 10 

ml of dH2O. The stock solution was filter sterilised and 500 µl aliquots were stored at -20˚C 

for further use. 

 

2.2.8 Preparation of Uridine 

50 mg/ml stock solution was made by dissolving 250 mg of uridine (Sigma Aldrich) in 5 ml of 

dH2O. The stock solution was filter sterilised and 250 µl aliquots were stored at -20˚C for 

further use. 

 

2.3 Isolation of human amniotic epithelial cells (hAEC) 

Amnion membranes were peeled from the chorionic membrane after delivery of the placenta. 

Each amnion membrane was placed in DMEM/F12 medium and transported on ice to the lab 

for isolation of hAEC. hAEC were isolated as previously described (1) with minor 

modifications. Under sterile conditions, the amniotic membranes was washed in DMEM/F12 

medium twice to remove any blood clots. The amniotic membranes were cut into small pieces 

and washed twice in DPBS. The amniotic membranes were further washed three times in 

Hank’s balanced salt solution (HBSS; Sigma Aldrich) and finally rinsed with 0.05% trypsin 

containing 0.05mM EDTA (Gibco). Stock trypsin (0.5%) was diluted to 0.05% in HBSS at PH 

8.0 for digestion of the amniotic membrane. 

Small pieces of amniotic membranes were distributed equally into two 50ml Falcon tubes each 

containing 15ml of 0.05% trypsin with the final volume being no more than 45ml. The 

amniotic membranes were digested for 10 minutes at 37°C with occasional shaking. Initial 
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digestion of cells containing trypsin was discarded which contained dead cells and debris. 

Amniotic membranes were transferred into two 50ml Falcon tubes containing 25 ml of 0.05% 

trypsin and digested for 40 minutes at 37°C with occasional shaking. Amniotic membranes 

were transferred into a second set of 50ml Falcon tubes containing 25ml of 0.05% trypsin for a 

further 40 minutes at 37°C. Trypsin was neutralised with two volumes of 10% newborn calf 

serum in DMEM/F12 (Gibco). Dissociated cells were centrifuged at 200 x g for 10 minutes, 

resuspended in DMEM/F12, strained through a 100µM filter and washed several times. Red 

blood cells were lysed with hypotonic solution for 7-8 minutes at 37°C. The cells were washed 

several times in DMEM/F12. To enrich for stage specific embryonic antigen, SSEA4, isolated 

cells were resuspended in HBSS solution at a concentration of 5 million/ml. 20 ml of cell 

suspension was gently cushioned onto 24ml of 24% Percoll (Sigma Aldrich) and centrifuged 

for 8 minutes at 150 x g at room temperature without rotor brakes. The cell pellet was 

collected and washed several times in DMEM/F12. Cell viability was assessed by trypan blue 

exclusion. Cells were cryopreserved in fetal bovine serum (FBS; Gibco) containing 10% 

dimethyl sulfoxide at a concentration of 3 million cells/ml. 

 

2.4 Differentiation of hepatocyte-like cells 

Cryopreserved hAEC were thawed and plated on type I collagen (Roche, Mannheim, 

Germany) coated dishes in DMEM/F12 with 20% FBS and 10 ng/ml epidermal growth factor 

(EGF) for 3-5 days. To induce differentiation, hAEC were cultured in DMEM/F12 

supplemented with 10% FBS, 10% HepG2 cell conditioned medium, 10 ng/ml EGF, fibroblast 

growth factor-4 (FGF-4) and hepatocyte growth factor (HGF; growth factors purchased from 

Invitrogen, Camarillo, CA) and 0.1 µM insulin and dexamethasone (Sigma-Aldrich). After 14 

days, cells were switched to DMEM/F12 supplemented with 10% FBS, 10% HepG2 cell 
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conditioned medium, 10 ng/ml HGF, 0.1 µM dexamethasone and 1x insulin-transferrin-

selenium (Invitrogen). Medium was replenished on alternate days. Cultures were maintained 

for a further 14 days.  

 

2.5 Extraction of nucleic acids 

2.5.1 RNA extraction 

Total RNA was extracted from cells using RNeasy Mini Kit (Qiagen, Hilden, Germany) 

according to manufacturer’s instructions. Briefly, cells were lysed in 350µl of RLT buffer 

with 1% β-mercaptoethanol. The cell lysate was passed through a 20 gauge needle in an 

RNase-free syringe several times to achieve optimal lysis. The lysate was loaded into the 

shredder columns (Qiagen) and centrifuged at 10,000 rpm for 2 minutes. Equal volume of 70% 

ethanol was added to the cell lysate recovered from the shredder columns and mixed 

thoroughly. Samples were transferred onto spin columns and centrifuged at 10,000 rpm for 

15sec. Flow through was discarded and 700µl of buffer RW1 was added to the columns. The 

columns were centrifuged at 10,000 rpm for 15 sec and flow through was discarded. DNase I 

treatment was performed on the RNA columns to remove any DNA present. 10 units of 

DNase I (Qiagen) was diluted with 70 µl of buffer RDD, loaded into the RNA columns and 

incubated at room temperature for 15 minutes.  350µl of buffer RW1 was added to the 

columns. The columns were centrifuged at 10,000 rpm for 15 sec and the flow through was 

discarded. 500µl of buffer RPE was added to the columns and centrifuged at 10,000 rpm for 

15 sec. A further 500µl of buffer RPE was added to the columns and centrifuged at 10,000 

rpm for 2 minutes. The columns were transferred to a new collection tube and centrifuged at 

10,000 rpm for 1 minute. The columns were transferred into a collection tube and 50µl of 
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RNase free water was added to the column membrane. RNA was eluted by centrifugation of 

the columns at 10,000 rpm for 1 minute. 

 

2.5.2 RNA quantification and purity 

Total RNA was quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher, 

Wilmington, DE). The ratio of absorbance at 260nm to 280nm is used to assess purity of RNA, 

which is usually approximately 1.8. RNA that had a ratio of 1.7 - 1.9 in absorbance between 

260nm to 280nm was used for cDNA synthesis. RNA purity was also confirmed with a ratio 

of absorbance between 260nm to 230nm, which was in the range of 2.0 – 2.2, as expected. 

RNA was concentrated for samples that were lower than 250 ng/µl. One tenth of a volume of 

3 M sodium acetate (PH 5.2) was added to the RNA sample and was mixed well. An 

additional 2.2 volumes of 100% ice cold ethanol was added and samples were kept at -80°C 

for 30 mins. The precipitate was mixed and samples centrifuged at 14,000 rpm for 10 minutes. 

The supernatant was discarded and the RNA pellet was washed with 500 µl of 70% ice cold 

ethanol. The samples were centrifuged at 14,000 rpm for 2 minutes, the supernatant discarded 

and the RNA pellet allowed to air dry. The RNA pellet was resuspended in an appropriate 

volume of RNase free water. 

 

2.5.3 cDNA synthesis 

RNA was converted to cDNA using the SuperScript III first strand synthesis system 

(Invitrogen). 2µg of total RNA was added to 1 µl of random hexamers (stock 50 ng/µl) and 1 

µl of 10 mM dNTP mix in a volume of 10 µl. The mix was incubated at 65°C for 5 minutes 

and chilled on ice for 2 minutes. An additional 10 µl of mix containing 2 µl RT buffer, 4 µl of 

25 mM magnesium chloride, 2 µl of 0.1 mM DTT, 1 µl of RNase-out and 1 µl of Superscript 
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III enzyme was added. The samples were incubated at 25°C for 10 minutes followed by 50°C 

for 50minutes and final extension at 85°C for 5 minutes. 1 µl of RNaseH was added to each 

reaction and incubated at 37°C for 20 minutes. Negative control reactions did not include the 

enzyme Superscript III. cDNA was stored at -20°C for further use.  

 

2.5.4 Gene expression 

Real-time quantitative PCR was performed on a Rotor-Gene 3000 (Qiagen) for pluripotent 

and hepatocyte specific genes. In a total volume of 20 µl, the reaction mixture consisted of 10 

µl of 2x SensiMix SYBR® Hi-ROX (Bioline), 1 µl each of 5 µM forward and reverse primers 

(Table 2.1; Sigma Aldrich), 6 µl of H2O and 2 µl of cDNA using conditions given in Table 2.1. 

Samples were run in triplicate. The list of genes assayed, primer sequences and annealing 

temperatures are given in Table 2.1. 

Gene expression data were normalised to the housekeeping gene OAZ1 and expressed as fold 

change relative to undifferentiated hAEC calculated using the 2-ΔΔCT method (2). 

 

2.5.5 DNA extraction 

Genomic DNA was isolated using Isolate II Genomic DNA Kit (Bioline; London, United 

Kingdom). Frozen cell pellet (2-3 million cells) was resuspended in 200 µl of lysis buffer GL. 

25 µl of proteinase K (Bioline) was added followed by 200 µl of lysis buffer G3. The lysate 

was incubated at 70˚C for 15 minutes. After incubation, 4 µl of RNaseA (Qiagen) was added 

to the sample and incubated at room temperature for 10 minutes. Samples were briefly 

vortexed and 210 µl of 100% ethanol (Sigma Aldrich) was added followed by vigorous 

vortexing. The samples were loaded onto the genomic DNA spin columns and centrifuged at 
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13,000 rpm for 1 minute. Flow through was discarded and 500 µl of wash buffer GW1 was 

added to the columns. The columns were centrifuged at 13,000 rpm for 1 minute and the flow 

through discarded. 600 µl of wash buffer GW2 was added to the columns and centrifuged at 

13,000 rpm for 1 minute and the flow through was discarded. The columns were further 

centrifuged at 13,000 rpm for 3 minutes to remove any residual ethanol. DNA was eluted in a 

fresh 1.5ml microcentrifuge tube by adding 100 µl of preheated (70˚C) elution buffer G and 

incubated at room temperature for 1 minute followed by centrifugation at 13,000 rpm for 1 

minute. DNA was quantified using a NanoDrop 1000 spectrophotometer. 

 

2.6 mtDNA copy number 

Nuclear DNA encoded β-globin and mtDNA were amplified by conventional PCR in a 50 µL 

volume which consisted of 5 µL of 10X NH4 reaction buffer, 1.5 µL of 50 mM MgCl2, 0.5 µL 

50 mM dNTP mix, 0.5 µL BIOTAQTM DNA polymerase, 1 µL of 50 pmol/µL forward primer, 

1 µL of 50 pmol/µL reverse primer, 2 µL (200ng) DNA template and 38.5 µL autoclaved 

Milli-Q water (see Table 2.1 for primer sequences and conditions). The PCR products were 

run on 2% agarose gels to confirm the amplified DNA template. The target bands were 

excised from the agarose gel and DNA purified using the Gel Purification Kit (Qiagen). 

Purified β-globin and mtDNA concentration were adjusted to 10 ng/µL to prepare stock for 

standards. Standards were prepared by tenfold serial dilution of purified DNA from range of 

10-1 to 10-8. 

 

Real-time quantitative PCR was performed on a Rotor-Gene 3000 (Qiagen) for mtDNA and 

the nuclear encoded β-globin gene. In a total volume of 20 µl, the reaction mixture consisted 

of 10 µl of 2x SensiMix SYBR® Hi-ROX (Bioline), 1 µl each of 5 µM forward and reverse 
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primers (Table 2.1; Sigma Aldrich), 6 µl of H2O and 2 µl of DNA (20 ng of DNA) using 

conditions given in Table 2.1. Samples were run in triplicate. Melt curve analysis was 

performed for each reaction to determine optimal melting temperatures for the second 

acquisition phase, which was 78˚C. MtDNA copy number was calculated using the following 

formula: 

N = ([ng/µL] x 6.023 x 1014) / (Nbp x 660) where: 

N is the number of molecules per reaction. 

X 1014 is conversion of 1 mol to 1 nmol using Avogadro’s constant, which states 1 mol 

contains 6.023 x 1023. 

Nbp is the product size of the amplicon. 

660 is the mean molecular weight in Daltons of a nucleic acid base pairing. 

MtDNA copy number (N) is calculated by diving it by 2, as two copies of β-globin is present 

in diploid human cells. 

 

2.7 Immunoprecipitation of methylated / hydroxymethylated DNA (MeDIP) 

A total of 5 µg genomic DNA was diluted in 100 µL of Milli-Q water and 100 µL of 2x TE 

buffer was added to a Covaris milliTUBE. Genomic DNA was sonicated to fragments of 200 

to 1000 base pair using the Covaris Adaptive Focused Acoustics system. The temperature 

range was 4-8 ºC, 105.0 peak power, 5.0 duty factor and 200 cycles/bursts. Sonicated DNA 

was divided into three tubes with 1.5 µl of DNA in a total volume of 450 µl adjusted with H2O. 

DNA samples were denatured by incubating at 95 ˚C for 10 minutes and immediately chilled 

on ice for at least 5 minutes. 50 µL of 10x IP buffer was added to bring the total volume to 

500 µL (final concentration is 1x IP buffer; 10 mM Na-Phosphate, pH 7.0, 140 mM NaCl and 
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0.05% Triton X-100). Samples were immunoprecipitated with 1 µg of antibody to 5mC or 

5hmC (Active Motif, Carlsbad, CA), separately at 4 ºC for 2 hours by rotation. Pre-washed 20 

µl Protein G Dynabeads (Invitrogen) were added to the samples and incubated at 4˚C for 16 

hours by rotation. Samples were washed three times with 1 ml cold 1x IP buffer. The beads 

bound to DNA were resuspended in 250 µl of Proteinase K solution (5mM Tris, 1mM EDTA, 

pH8.0, 0.05% SDS) with 5 µl of Proteinase K (stock 20 µg/ml; Qiagen) and incubated at 50˚C 

for 3 hours on a 1400 rpm shaker. The immunoprecipitated DNA was purified using PCR 

purification columns (Qiagen) and final DNA eluted in 50 µl of buffer EB. 

QPCR was performed on captured DNA samples on a RotorGene 3000 for exon 2 of POLGA 

using primers and conditions listed in Table 2.1. qPCR was performed in a total volume of 20 

µl consisting of 2x SensiMix SYBR® Hi-ROX, 1 µl of 5 µM forward and reverse primers, 6 µl 

of H2O and 2 µl of MeDIP product. Samples were run in triplicate. Data were first normalised 

to input samples and enrichment levels were determined for 5mC and 5hmC. Data were 

expressed as fold change of 5mC relative to 5hmC. 

 

2.8 Encapsulation of HLC and culture  

Barium ions are cross-linked with alginate to make barium alginate microcapsules. HLC 

were encapsulated in barium alginate microcapsules, as described elsewhere (3). Briefly, 

HLC were trypsinized, washed three times in PBS and mixed with 2.2% ultra-pure alginate 

solution at a ratio of 1:6. The alginate solution was composed of a 60:40 mixture of guluronic 

acid : mannuronic acid (UP MVG Pronova, FMC Biopolymer, Sandvika, Norway). Under 

coxial air flow, droplets are generated by ejecting liquid from the nozzle under a controlled 

air jet. Encapsulation was performed with an air driven droplet generator (Steinau, Berlin, 

Germany) at a pressure of 80 kPa with an air flow rate of 6 l/min. The liquid microcapsules 
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generated were solidified by incubation in a 20 mM barium chloride (BaCl2) precipitation 

bath for 2 min. The polycations contained in BaCl2 bind to guluronic and mannuronic acid 

components of alginate to form strong cross-links with polycations producing rigid 

microcapsules. The microcapsules are washed three times in 0.9% saline to remove excess 

barium. The average diameter of the microcapsules is 600 μm with approximately 1000 cells 

in each capsule. Similarly, transformed human hepatocyte HepG2 cells, were also 

encapsulated for comparison. Encapsulated cells were cultured in vitro for up to 28 days with 

media changed every alternate day. 

2.9 Decapsulation of HLC 

Decapsulation of encapsulated cells was carried out to extract DNA, RNA and other cell based 

assays. The decapsulation solution consists of 50 mM Ethylenediaminetetraacetic acid (EDTA; 

Sigma Aldrich) and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 

Sigma Aldrich) in DBPS. Capsules were washed twice with 20 ml of DPBS and pre-warmed 

15 ml of decapsulation solution was added to the capsules. Additional decapsulating solution 

was added to have enough EDTA to chelate Barium ions. The capsules with decapsulation 

solution were incubated at 37 ºC for 15 minutes with gentle agitation. The solution was 

examined under a microscope to see whether the alginate was dissolving and cells were 

released from the capsules. After dissolving alginate capsules, the cells were mixed several 

times with a pipette to break the cell clusters. The solution was centrifuged at 3000 rpm for 5 

mins to pellet the cells. Pelleted cells were further washed with DMEM/F12 and pelleted into 

an Eppendorf tube for DNA and RNA extraction. 
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2.10 Statistical analysis 

Data are shown as the mean ± SEM derived from a minimum of n = 4-6 hAEC cultures. 

Statistical significance was determined by one-way and two-way ANOVA followed by 

Bonferroni post hoc tests using GraphPad Prism V6.01 (Graph Pad Inc., San Diego, CA). 

Significance was accorded when P < 0.05; significance given as *p < 0.05, **p < 0.01, ***p 

< 0.001 and ****p < 0.0001. 
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Table 2.1 List of primers, annealing temperature and product size for real-time qPCR. 

Gene Primer sequence Annealing 
Temp (˚C) 

Product 
size (bp) 

β-Globin Forward - CAACTTCATCCACGTTCACC 

Reverse - GAAGAGCCAAGGACAGGTAC 

56 268 

mtDNA Forward - CGAAAGGACAAGAGAAATAAGG 

Reverse - CTGTAAAGTTTTAAGTTTTATGCG 

53 152 

POLG-Exon 
2 

Forward - CAGACCTCCACGTCGAACAC 

Reverse - GACAACCTGGACCAGCACTT 

59 162 

OAZ1 Forward - GGATCCTCAATAGCCACTGC 

Reverse - TACAGCAGTGGAGGGAGACC 

60 150 

Albumin Forward - TTGGCACAATGAAGTGGGTA 

Reverse - AAAGGCAATCAACACCAAGG 

60 161 

Alpha-1 anti-
trypsin 

Forward - CCACCGCCATCTTCTTCCTGCCTGA 

Reverse - GAGCTTCAGGGGTGCCTCCTCTGTG 

60 245 

CYP3A4 Forward - TGTGCCTGAGAACACCAGAG 

Reverse - GTGGTGGAAATAGTCCCGTG 

60 226 

HNF4-alpha Forward - CATGGCCAAGATTGACAACCT 

Reverse - TTCCCATATGTTCCTGCATCAG 

60 113 

OCT-4 Forward - TCACCCTGGGGGTTCTATTT 

Reverse - CTGGTTCGCTTTCTCTTTCG 

55 202 

SOX-2 Forward - GGAGCTTTGCAGGAAGTTTG 

Reverse - GCAAGAAGCCTCTCCTTGAA 

55 191 

Nanog Forward - TTAATAACCTTGGCTGCCGT 

Reverse - GCAGCAAATACGAGACCTCT 

55 298 

cMYC Forward - ACAACACCCGAGCAAGGACGC 

Reverse - ACGGCTGCACCGAGTCGTAGT 

55 180 

hTERT Forward - CACCAAGAAGTTCATCTCC 

Reverse - CAAGTGCTGTCTGATTCC 

55 260 
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Chapter 4 

Role of mitochondrial DNA copy number in 
differentiation of hepatocyte-like cells  
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4.1 Introduction 

Mitochondria are the powerhouse of the cell and generate the majority of energy required for 

cell function. Mitochondria have their own genome, which is about 1% of DNA compared to 

the nuclear genome. Each cell contains a specific number of mitochondria and each 

mitochondrion has between 1-9 copies of mitochondrial DNA (mtDNA). MtDNA copy 

number is directly correlated with the ATP requirement of the cell. Cells with a low 

adenosine triphosphate (ATP) requirement such as endothelial cells have low mtDNA copy 

number whilst cells with a high ATP requirement such as hepatocytes and neurons have high 

mtDNA copy number. During differentiation, mtDNA copy number is synchronously 

increased to promote differentiation and achieve optimal ATP production in terminally 

differentiated cells. During hepatic differentiation of embryonic cells, induced pluripotent 

cells and bone marrow MSC, there is increased mtDNA copy number and ATP production. 

Human amniotic epithelial cells (hAEC) have been shown to express hepatocyte specific 

genes and function and should also be able to increase their mtDNA copy number to meet 

functional ATP needs. Here, I evaluate the role of mtDNA copy number in hepatocyte-like 

cells derived from hAEC. 

Human Amniotic Epithelial cells 

HAEC are derived from inner amniotic membrane of the placental membranes. The placental 

membrane consists of a chorionic membrane and an amniotic membrane, which are lightly 

fused. Amniotic membranes are of foetal origin and consist of a basal collagen layer that 

harbours amniotic mesenchymal cells and a top single layer of amniotic epithelial cells that 

are directly in contact with the amniotic fluid. HAEC are derived from the inner cell mass 

and they possess pluripotency markers such as octamer binding protein 4 (OCT4), SOX-2 

and NANOG (1, 2). They also express stem cell markers SSEA-3, SSEA-4, TRA 1-60 and 
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TRA 1-81 (2) and have been shown to differentiate into endoderm, mesoderm and ectoderm 

lineages (1). Interestingly, they do not form teratomas in NOD/SCID mice when injected in 

under the testes capsule (1, 2). It has previously been demonstrated that mtDNA copy number 

plays a critical role in the initiation of tumorigenesis. However, the tumorigenic capacity of 

mtDNA deleted hAEC has not been evaluated. 

HAEC have been shown to differentiate into hepatic lineages with variable success. Earlier 

studies showed expression of albumin, hepatocyte nuclear factor 4 (HNF4α) (2) and 

Hepatocyte growth factor (HGF) (1). HAEC have a unique immunologic profile; they express 

high HLA class 1A, no HLA class II and no expression of the co-stimulatory molecules 

CD80 and CD86 and high CD40 (3). They also express high levels of HLA-G, which is 

thought to be one of the immune-suppression proteins (3, 4).These properties of low 

immunogenicity in hAEC make them ideal candidates for cell therapies. In addition to the 

wide plasticity of hAEC, what makes them particularly suitable for hepatocyte differentiation 

is expression of hepatocyte specific genes and proteins in naïve hAEC. Freshly isolated 

hAEC produce albumin, express α1 anti-tripsin, GATA4 and HNF3β (3). 

Differentiation of hAEC into HLC may represent a default pathway as naïve hAEC already 

express hepatic progenitor markers GATA4 and HNF3β (3). In addition, they also secrete 

albumin, a carrier protein secreted by hepatocytes. During differentiation of HLC, I evaluated 

if there was a further increase in expression of α1 anti-tripsin and albumin. I also evaluated 

expression of the key hepatocyte transcription factor HNF4α and the major cytochrome P450 

enzyme CYP3A4. Since, naïve hAEC express some of the pluripotency markers, I set out to 

determine if pluripotency genes were down regulated with hepatic differentiation. We 

evaluated the gene expression of pluripotency markers OCT4, SOX2 and NANOG as well as 

oncogene cMYC and the human telomerase reverse transcriptase (hTERT) in differentiating 

HLC. 
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Mitochondrial DNA 

Human mitochondria contain a double stranded circular genome which is 16 569 base pair in 

size (5). MtDNA encodes 13 polypeptides of the electron transport chain (ETC), 22 transfer 

RNAs and 2 ribosomal RNAs. It also contains the non-coding D-loop which contains two 

hyper variable region D-loop and sites where nuclear encoded mtDNA replication factors 

interact (5). Replication of mtDNA is driven by both nuclear and mitochondrial encoded 

factors. Mitochondrial transcription factor A (TFAM) initiates replication of mtDNA (6). 

Human mitochondrial Polymerase Gamma is a heterotrimer enzyme which consists of a 

catalytic subunit Polymerase Gamma A (POLGA) and two accessory subunit Polymerase 

Gamma B (POLGB) (7). In addition, mtDNA replication is supported by mtDNA single 

strand-binding protein (MTSSB), which stabilises single stranded DNA, and the mtDNA-

specific helicase TWINKLE, which unwinds DNA during the replication process. 

The role of mitochondria in stem cell fate 

Differentiation of stem cells into functional hepatocytes is associated with a metabolic shift 

from glycolysis to OXPHOS which is dependent on mitochondria. Mitochondrial 

morphology in human pluripotent stem cells is globular with perinuclear localisation (8, 9). 

Whereas differentiated cells display elongated mitochondria with numerous extended cristae 

distributed as networks in the cytoplasm (9). In addition, there is increased mitochondrial 

content, mitochondrial mass and mtDNA copy number during differentiation. Stem cells 

generate ATP primarily through glycolysis, whereas, mature differentiated cells generate 

ATP primarily through OXPHOS. Inhibition of OXPHOS hinders stem cell differentiation 

and promotes maintenance of the pluripotent state. Increased mitochondrial biogenesis 

promotes OXPHOS and stimulates differentiation. I propose that increased mitochondrial 
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mass and copy number are the drivers of the differentiation and specification rather than these 

events being the hall mark of differentiation. 

Role of mitochondria in hepatocytes 

The liver performs essential functions of carbohydrate homeostasis, drug metabolism, lipid 

metabolism and protein synthesis. Insulin plays a key role in regulating blood glucose and 

glycogen synthesis in hepatocytes (10). Hepatocytes also produce the carrier protein albumin 

and detoxify ammonia via the urea cycle. Genes involved in ammonia detoxification and urea 

synthesis (glutamate dehydrogenase, CPS1 and OTC) are exclusively expressed in hepatocyte 

mitochondria. Non-alcoholic fatty liver disease (NAFLD) is defined as excessive fat in 

hepatocytes and may be result in the compromised capacity of mitochondria to oxidise fatty 

acids. Increased ROS production due to defects in ETC, plays an important role in 

progression of NAFLD (11). Disruptions in mitochondrial metabolism can also be induced by 

chronic alcohol consumption resulting in reduced ATP synthase thus placing hepatocytes 

under bioenergetic stress. Breakdown of ethanol results in reduced activity of complex I and 

III of ETC and increased ROS production. Increased ROS production leads to DNA damage 

and is known to play a role in the activation of apoptosis. A study comparing mtDNA copy 

number in hepatocellular carcinoma (HCC) found that male patients had lower mtDNA copy 

number compared to female patients in non-cancerous liver tissue (12). These findings 

suggest that mtDNA copy number is essential for maintenance of liver function and perturbed 

mtDNA copy number results in HCC. 

Mitochondrial biogenesis is primarily driven by nuclear encoded transcription factors 

(PPARs, NRF1 and GABP) and co-activators (PGC-1α and β) (11).  Increased mitochondrial 

biogenesis leads to increased ATP production through OXPHOS and fatty acid metabolism 

(lipid metabolism). The latter is more important for hepatocytes to produce bile acid via the 
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cholesterol metabolism super pathway. Mitochondrial biogenesis defects lead to cellular 

homeostasis imbalance resulting in increased reactive oxygen species (ROS) and incidents of 

HCC (11). Mitochondrial encoded cytochrome aa3, b and c1 are suppressed in liver cancer 

(13). Furthermore, lower cytochrome oxidase activity results in decreased respiration and 

disturbed ETC, thus allowing leakage of electrons and generation of ROS. 

DNA methylation of POLGA 

DNA methylation is a process whereby a methyl group is added to a cytosine, which results 

in silencing of gene expression. The process of DNA methylation is catalysed by DNA 

methyltransferase (DNMT) enzymes. The DNMT family of enzymes consists of DNMT1 

which maintains DNA methylation, whereas, DNMT3A and DNMT3B act as de novo 

methyltransferases (14). 2-deoxycytidine is catalysed to 5-methycytosine by the DNMT 

enzymes with S-adenosylmethionine acting as a methyl donor (15). Ten-eleven translocation 

(TET) enzymes can oxidise 5-methylcytosine (5mC) to 5-hydroxymethylsytosine (5hmC) 

(16, 17). TET enzymes are α–ketoglutare dependent deoxygenases; α–ketoglutare being a 

product of the citric acid (TCA) cycle and may have direct implications in ATP production 

via the TCA cycle and DNA methylation. The highest levels of 5hmC are found in various 

stem cells, suggesting potential demethylation and subsequent activation of gene 

transcription (18). 

Transcription of POLGA is regulated by DNA methylation at exon 2 of POLGA. In human, 

increased levels of 5-methylcytosine at exon 2 of POLGA suppresses its transcription thus 

leading to little or no replication of mtDNA (19). MtDNA copy number is regulated in a 

tissue specific manner in mouse (20). POLGA expression is negatively correlated with DNA 

methylation at exon 2 of POLGA and mtDNA copy number. Liver tissue has been shown to 

have high mtDNA copy number and DNA methylation of exon 2 of POLGA with low 
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expression of POLGA (20). However, in human, hyper methylation of exon 2 of POLGA 

results in low mtDNA copy number and low expression of POLGA (19). Thus, there is 

positive inverse correlation of methylation of POLGA and mtDNA copy number in stem 

cells and differentiated cells. 

Modulating mtDNA copy number 

Genome wide demethylation can be induced by treatment with agents such as 5-azacytidine 

(5aza). 5aza, which has anti-metabolic activity, was first developed and used against acute 

myelogenous leukemia (21). 5aza is a chemical analogue of cytidine, once converted to 5-

aza-2’-deoxycytidine-triphosphate, it is incorporated into DNA as a substitute for cytosine. 

The azacytidine-guanine base pair is recognised by DNMT1, which results in formation of a 

covalent bond between cytosine and DNMT1, making it unavailable for DNA methylation 

(22). Discovery of 5aza incorporation into DNA inhibited DNA methylation and activation 

of gene expression led to its use as a cancer therapeutic (23). Treating cells with 5-aza 

causes demethylation at exon 2 of POLGA and thus results in increased POLGA expression 

to increase mtDNA copy number. Alternatively, depleting mtDNA using agents such as 

dideoxycitidine (ddC) (24), the cell is reset to more naive state, thus allowing cells to fully 

differentiate towards HLC. ddC is a DNA nucleotide analogue that was used as an anti-

retroviral that inhibited viral replication; but it also inhibited replication of mtDNA (25). 

Depleting mtDNA assimilates an embryonic stem cell-like state, which has low mtDNA 

copy number and results in the cells being highly proliferative. This establishes the mtDNA 

set point, from where they are able to increase their mtDNA copy number depending on the 

functional needs as they differentiate (7). I depleted mtDNA in hAEC and differentiated 

them for 14 days to evaluate their potential to replenish mtDNA, DNA methylation levels 

for POLGA at exon 2 and gene expression patterns for both hepatocyte specific and 

pluripotency genes.  
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4.2 Materials and Methods 

HAEC isolation 

HAEC were isolated, as previously described in the General Materials and Methods Section 

2.3 and frozen in DMEM/F12 with 10% DMSO in liquid nitrogen until further use. 

MtDNA depletion 

HAEC were cultured for 3-5 days until they achieved epithelial morphology. To deplete 

mtDNA, cells were then treated with 10 µM ddC supplemented with 50 µg/ml Uridine (Sigma 

Aldrich) in DMEM/F12 with 10% FBS. The media was changed every 24 hours for 3 and 7 

days.  

HLC differentiation 

Upon encapsulation, hAEC were differentiated into HLC, as described in section 2.4 of the 

General Materials and Methods. Encapsulated hAEC were differentiated into HLC for 14 and 

28 days with media changed every alternate day. 

5-azacytidine treatment 

HAEC were plated on a collagen coated flask in DMEM/F12 with 20% FBS and 10 ng/ml of 

EGF. Once hAEC had attained epithelial morphology, they were treated with 0.5 µM 5-

azacytidine (Sigma Aldrich) for 48 hours in DMEM/F12 media with 10% FBS and 10 ng/ml 

EGF with media changed every day. 0.5 µM 5-azacytidine was added to HLC differentiation 

media and hAEC were differentiated into HLC for 14 and 28 days with media changed every 

day. At the end of the differentiation time point, the cells were trypsinised and collected for 

DNA and RNA extraction. 
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Nucleic acid purification 

DNA was extracted from cell pellets, as described in the General Materials and Methods, 

Section 2.5.4. RNA was extracted from cell pellets, as described in the General Materials and 

Methods, Section 2.5.1. 

Qiagen real-time PCR gene expression array (RT2 profiler) 

Total RNA was extracted, as described in the General Materials and Methods Section 2.5.1 

with on column DNase I digest to eliminate contaminating DNA. An additional genomic DNA 

elimination step was performed by adding 2 µl of 5x genomic DNA elimination buffer 

(Qiagen, Hilden, Germany) to 1 µg of RNA to a total of 10 µl and incubated at 42ºC for 10 

minutes. cDNA was synthesized using the RT2 First Strand Kit (Qiagen), according to the 

manufacturer’s instructions. Each reaction consisted of 1 µg RNA in 10 µl, 4 µl of 5x RT 

buffer, 1 µl primers, 2 µl RT enzyme mix and 3 µl of autoclaved H2O in a total volume of 20 

µl. The reactions were incubated on a thermal cycler (Hybaid Px2, Thermos Fisher) at 42ºC 

for 15 minutes followed by 95ºC for 5 minutes. 91µl of autoclaved H2O was added to each 

sample cDNA and mixed gently.  

We performed the Glucose Metabolism Array (Qiagen #PAHS-006Z) and the Mitochondrial 

metabolism Array (Qiagen #PAHS-008Z). The samples run on the arrays were hAEC, HLC 

14d and HLC 28 days and HepG2 cells from three independent patients. The real-time PCR 

reactions were performed in 384 well optical reaction plates with a probe for each gene on the 

plate. A master mix was prepared by adding 550 µl RT2 SYBR green/ROX, 448 µl of sterile 

autoclaved H2O and 102 µl of diluted cDNA was prepared for each replicate and time point. 

10µl of master mix was added to each tube on the plate and run on an ABI 7900HT Real Time 

PCR machine (Applied Bioscience). Thermal cycling conditions were; 95ºC for 5 minutes 
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followed by 40 cycles at 95ºC for 10 seconds and annealing and extension at 60ºC for 1 

minute. Data were generated as cycle threshold (Ct) for each target gene. Five housekeeping 

genes (GUSB, HPRT1, HSP90AB1, GAPDH and β-ACTIN) were used to normalise the data. 

Relative gene expression was calculated using ΔΔCT method and expressed as fold change 

relative to undifferentiated hAEC. 

MtDNA copy number and MeDIP 

MtDNA copy number was evaluated for encapsulated HLC as described in the General 

Materials and Methods, Section 2.6. Immunoprecipitation for 5-methylcytosine and 5-

hydroxymethylcytosine was performed on encapsulated HLC, as described in the General 

Materials and Methods, Section 2.7. 

Gene expression 

Total RNA was converted to cDNA as described in the General Materials and Methods, 

Section 2.5.3 and gene expression was analysed, as described in Section 2.5.4. 

Statistical analysis 

Data are shown as the mean ± SEM derived from a minimum of n = 4-6 hAEC cultures. 

Statistical significance was determined by one-way and two-way ANOVA followed by 

Bonferroni post hoc tests using GraphPad Prism V6.01 (Graph Pad Inc., San Diego, CA). 

Significance was accorded when P < 0.05; significance given as *p < 0.05, **p < 0.01, ***p 

< 0.001 and ****p < 0.0001.  



64 
 

4.3 Results 

Glucose and mitochondrial metabolism arrays 

To evaluate the metabolic capacity of HLC with regards to glucose consumption and 

mitochondrial metabolism, we performed gene expression arrays. As hAEC differentiate 

towards HLC, it is anticipated that there would be increased demand for ATP and glucose 

consumption. To evaluate whether there was increased glucose consumption in 

differentiated HLC, we analysed gene expression using real time PCR array for glucose 

metabolism in hAEC, HLC 14 days, HLC 28 days and HepG2 cells. There were 80 genes 

associated with glucose metabolism on the array plate. 

There were a total of 54 genes differentially regulated in 14 day differentiated HLC 

compared to hAEC (Table 4.1). There were 27 genes differentially regulated genes in 28 day 

differentiated HLC compared to hAEC. In addition, there were 24 genes that were up 

regulated in both 14 day and 28 day differentiated HLC compared to hAEC (Table 4.1). The 

majority of the genes in differentiated HLC were up regulated compared to hAEC. Genes 

involved in the glycolysis pathway were up regulated in 14 and 28 day differentiated HLC 

(Table 4.1). Particularly, Aldolase A, B and C and Enolase 2 and 3 were significantly up 

regulated, thus resulting in increased glycolysis (Table 4.1). Tricarboxylic acid cycle (TCA 

cycle) associated genes showed up regulation in 14 day differentiated HLC and TCA cycle 

associated gene expression declined in 28 day differentiated HLC (Table 4.1).  Similarly, 

increased gene expression patterns were observed in the pentose pathway in 14 day 

differentiated HLC and declined in 28 day differentiated HLC (Table 4.1). Glucose is 

converted to glycogen in the liver, which is mediated by GBE1, GYS1, GYS2 and UGP2 

which were significantly up regulated in 14 and 28 day differentiated HLC (Table 4.1). 

PDK1, PDK2, PDK3 and PDK4, which are involved in glucose regulation, were also up 
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regulated in 14 and 28 day differentiated HLC (Table 4.1). Interestingly, expression of 

PGM1, PGM2 and PGM3, which are associated with glycogen degradation, were up 

regulated in 14 day HLC, however, their expression declined in 28 day differentiated HLC 

(Table 4.1). The summary of differentially regulated genes in the glucose metabolism array 

is given in Table 4.1 and expressed as fold change relative to undifferentiated hAEC. Gene 

expression patterns of HepG2 cells are also compared to differentiated HLC which showed 

similar patterns of gene expression. These results indicate that there is increased gene 

expression of glucose metabolism associated genes in 14 day and 28 day differentiated HLC; 

however, there were some genes that were down regulated to levels similar to hAEC in 28 

day differentiated HLC. 
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Table 4.1 Summary of expression levels from the glucose metabolism gene expression 
array. Gene expression of 14 day and 28 day differentiated HLC shown as fold change 
relative to undifferentiated hAEC. Statistical significance P < 0.05; red indicates increased 
expression and blue indicates decreased expression. 

Symbol Gene Name 
HLC 14d 
Fold Change 

HLC 28d 
Fold Change 

HepG2 Fold 
Change 

ACO2 Aconitase 2, mitochondrial 3.9754 1.0438 3.3364 
ALDOA Aldolase A, fructose-bisphosphate 2.9679 1.3194 3.9699 
ALDOB Aldolase B, fructose-bisphosphate 42.5534 3.9678 67.4404 
ALDOC Aldolase C, fructose-bisphosphate 4.1626 1.2928 6.7213 
BPGM 2,3-bisphosphoglycerate mutase 2.0996 1.9611 0.4565 
ENO2 Enolase 2 (gamma, neuronal) 11.2204 3.7222 53.0153 
ENO3 Enolase 3 (beta, muscle) 5.9281 1.6076 7.2705 
FBP1 Fructose-1,6-bisphosphatase 1 16.7863 1.8013 26.3035 
FBP2 Fructose-1,6-bisphosphatase 2 20.0989 2.1645 272.3411 
G6PC Glucose-6-phosphatase, catalytic subunit 43.9166 4.7295 120.8355 
GALM Galactose mutarotase (aldose 1-epimerase) 2.5186 1.432 7.9757 
GBE1 Glucan (1,4-alpha-), branching enzyme 1 3.87 1.6985 2.4974 
GCK Glucokinase (hexokinase 4) 43.9166 4.7295 21.4326 
GSK3A Glycogen synthase kinase 3 alpha 2.5964 1.617 0.9153 
GSK3B Glycogen synthase kinase 3 beta 2.1559 0.843 0.4165 
GYS1 Glycogen synthase 1 (muscle) 4.0546 1.1268 0.8163 
GYS2 Glycogen synthase 2 (liver) 48.5491 6.6279 15.3014 

H6PD 
Hexose-6-phosphate dehydrogenase (glucose 1-
dehydrogenase) 5.1576 1.9313 1.8536 

HK3 Hexokinase 3 (white cell) 37.8309 3.4054 10.218 
IDH2 Isocitrate dehydrogenase 2 (NADP+) 2.153 2.1081 1.8513 
IDH3A Isocitrate dehydrogenase 3 (NAD+) alpha 2.0588 1.3262 1.2157 
IDH3G Isocitrate dehydrogenase 3 (NAD+) gamma 2.381 1.1178 0.5034 
MDH1B Malate dehydrogenase 1B, NAD (soluble) 63.903 14.6068 0.5254 
PCK1 Phosphoenolpyruvate carboxykinase 1 (soluble) 43.9166 4.7295 4441.8062 
PDHA1 Pyruvate dehydrogenase (lipoamide) alpha 1 2.9801 1.3169 2.3032 
PDK1 Pyruvate dehydrogenase kinase, isozyme 1 8.6938 2.1109 2.8677 
PDK2 Pyruvate dehydrogenase kinase, isozyme 2 2.6335 1.5235 0.4731 
PDK3 Pyruvate dehydrogenase kinase, isozyme 3 5.1886 2.8385 4.4894 
PDK4 Pyruvate dehydrogenase kinase, isozyme 4 62.2129 6.8726 42.4392 
PDPR Pyruvate dehydrogenase phosphatase regulatory 3.9112 1.5256 2.548 
PFKL Phosphofructokinase, liver 6.1214 1.2954 2.3107 
PGAM2 Phosphoglycerate mutase 2 (muscle) 5.738 1.6505 1.721 
PGK1 Phosphoglycerate kinase 1 2.6948 1.342 2.3436 
PGK2 Phosphoglycerate kinase 2 43.9166 4.7295 16.9808 
PGLS 6-phosphogluconolactonase 3.9336 2.6628 1.1344 
PGM1 Phosphoglucomutase 1 2.99 2.2483 0.6396 
PGM3 Phosphoglucomutase 3 2.1497 0.6593 1.4898 
Continued on next page  
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Table 4.1 continued from previous page 

Symbol Gene Name 
HLC 14d 
Fold Change 

HLC 28d 
Fold Change 

HepG2 
Fold Change 

PHKA1 Phosphorylase kinase, alpha 1 (muscle) 3.8198 1.1534 0.621 
PHKB Phosphorylase kinase, beta 2.1939 1.4533 2.2284 
PHKG1 Phosphorylase kinase, gamma 1 (muscle) 13.5634 2.4619 7.1102 
PHKG2 Phosphorylase kinase, gamma 2 (testis) 4.185 1.4605 1.2353 
PKLR Pyruvate kinase, liver and RBC 8.0039 1.0936 355.7093 
PRPS1 Phosphoribosyl pyrophosphate synthetase 1 0.5016 0.3421 0.6039 
PRPS1L1 Phosphoribosyl pyrophosphate synthetase 1-like 1 37.3489 4.0222 14.4413 
PYGL Phosphorylase, glycogen, liver 2.5029 2.2907 0.9433 
PYGM Phosphorylase, glycogen, muscle 14.5054 4.3915 7.7563 
RBKS Ribokinase 12.3696 5.1343 28.0413 
RPE Ribulose-5-phosphate-3-epimerase 2.3177 1.6928 3.8638 
RPIA Ribose 5-phosphate isomerase A 3.1964 2.3035 2.5301 

SDHA 
Succinate dehydrogenase complex, subunit A, 
flavoprotein (Fp) 2.5179 1.148 2.8824 

SDHB 
Succinate dehydrogenase complex, subunit B, 
iron sulfur (Ip) 36.2567 27.5823 29.1625 

SDHC Succinate dehydrogenase complex, subunit C 2.5854 1.7998 3.771 
SUCLA2 Succinate-CoA ligase, ADP-forming, beta subunit 2.0702 1.3424 0.9954 
SUCLG2 Succinate-CoA ligase, GDP-forming, beta subunit 4.8208 2.4367 2.464 
UGP2 UDP-glucose pyrophosphorylase 2 1.9803 2.5385 1.3218 
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To determine the extent that genes associated with mitochondrial metabolism were 

upregulated, we analysed 80 genes associated with mitochondrial metabolism in 

undifferentiated hAEC, 14 day HLC, 28 day HLC and HepG2 cells. There were a total of 64 

genes up regulated in 14 day differentiated HLC and 44 genes up regulated in 28 day 

differentiated HLC. There were 41 genes that were up regulated in both 14 day and 28 day 

HLC compared to hAEC, however, there were no genes that were down regulated on the 

mitochondrial metabolism panel. Genes involved in complex I of electron transport chain 

(NDUFA, NDUFB, NDUFC, NDUFS and NDUFV family of genes) were up regulated in 

14 and 28 day differentiated HLC compared to hAEC (Table 4.2). Interestingly, genes 

involved in ETC complex I had the highest expression at 14 day of differentiation.  

Similarly, genes involved in complex II of the ETC (SDHA, SDHB and SDHD) were also 

up regulated in 14 day differentiated HLC compared to hAEC (Table 4.2). The UQCR 

family of genes, which are involved in complex III of ETC, were also up regulated in 14 and 

28 day differentiated HLC (Table 4.2). In addition, COX4-8 genes which are involved in 

complex IV of ETC were significantly upregulated in both 14 and 28 differentiated HLC and 

so were the genes of complex V (ATP family of genes; Table 4.2). These finding indicate 

that 14 day differentiated cells up regulate mitochondrial associated genes, thus driving 

increased reliance on OXPHOS for the generation of ATP. However, some of these genes 

were down regulated in 28 day differentiated HLC, thus suggesting a partial block in 

OXPHOS in ATP generation. 
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Table 4.2 Summary of expression levels from the mitochondrial metabolism gene 
expression array. Gene expression of 14 day and 28 day differentiated HLC shown as fold 
change relative to undifferentiated hAEC. Statistical significance P < 0.05; red indicates 
increased expression and blue indicates decreased expression. 

Symbol Description 
HLC 14d 
Fold Change 

HLC 28d 
Fold Change 

HepG2 Fold 
Change 

ATP12A 
ATPase, H+/K+ transporting, nongastric, alpha 
polypeptide 5.8331 0.6461 0.6698 

ATP4A ATPase, H+/K+ exchanging, alpha polypeptide 47.2827 2.3364 32.1487 
ATP4B ATPase, H+/K+ exchanging, beta polypeptide 32.4997 1.1373 4.8352 

ATP5C1 
ATP synthase, H+ transporting, mitochondrial F1 
complex, gamma polypeptide 1 3.0743 1.8996 2.5018 

ATP5G2 
ATP synthase, H+ transporting, mitochondrial Fo 
complex, subunit C2 (subunit 9) 17.4485 6.4385 0.281 

ATP5H 
ATP synthase, H+ transporting, mitochondrial Fo 
complex, subunit d 2.291 2.2743 1.7984 

ATP5I 
ATP synthase, H+ transporting, mitochondrial Fo 
complex, subunit E 6.4313 2.8721 4.2605 

ATP5J 
ATP synthase, H+ transporting, mitochondrial Fo 
complex, subunit F6 2.0027 2.6394 1.3553 

ATP5J2 
ATP synthase, H+ transporting, mitochondrial Fo 
complex, subunit F2 7.5035 1.3371 5.5857 

ATP5L 
ATP synthase, H+ transporting, mitochondrial Fo 
complex, subunit G 5.5744 1.654 1.3095 

ATP5O 
ATP synthase, H+ transporting, mitochondrial F1 
complex, O subunit 2.3779 2.3779 2.5872 

ATP6V0A
2 

ATPase, H+ transporting, lysosomal V0 subunit 
a2 2.325 0.6795 0.9661 

ATP6V0D
2 

ATPase, H+ transporting, lysosomal 38kDa, V0 
subunit d2 49.8815 2.4648 23.5752 

ATP6V1C
2 

ATPase, H+ transporting, lysosomal 42kDa, V1 
subunit C2 40.7231 1.3222 21.7195 

ATP6V1E
2 

ATPase, H+ transporting, lysosomal 31kDa, V1 
subunit E2 5.3578 2.2319 0.723 

ATP6V1G
3 

ATPase, H+ transporting, lysosomal 13kDa, V1 
subunit G3 17.5355 2.0029 2.674 

COX4I1 Cytochrome c oxidase subunit IV isoform 1 3.0854 2.3637 7.2862 

COX4I2 
Cytochrome c oxidase subunit IV isoform 2 
(lung) 37.1567 3.5644 49.2051 

COX5B Cytochrome c oxidase subunit Vb 3.24 2.2916 8.6289 
COX6A2 Cytochrome c oxidase subunit VIa polypeptide 2 49.1534 5.3787 10.1163 

COX6B1 
Cytochrome c oxidase subunit Vib polypeptide 1 
(ubiquitous) 2.2973 3.3742 1.3462 

COX6B2 
Cytochrome c oxidase subunit VIb polypeptide 2 
(testis) 55.6384 2.3335 8.3993 

COX6C Cytochrome c oxidase subunit VIc 56.5151 3.2334 12.2016 
COX7A2
L 

Cytochrome c oxidase subunit VIIa polypeptide 2 
like 2.5054 3.6201 2.1101 

COX7B Cytochrome c oxidase subunit VIIb 3.2072 2.3381 3.1408 
COX8C Cytochrome c oxidase subunit VIIIC 46.1501 11.2001 2.8142 

LHPP 
Phospholysine phosphohistidine inorganic 
pyrophosphate phosphatase 5.7181 3.0656 0.8956 

Continued on next page  
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Table 4.2 continued from previous page 

NDUFA1 
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1, 
7.5kDa 2.8016 2.1973 1.2402 

NDUFA10 
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 10, 
42kDa 4.6942 1.5524 1.7897 

NDUFA11 
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 11, 
14.7kDa 5.7587 2.0777 2.2416 

NDUFA2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2, 8kDa 3.5335 2.3351 2.9064 
NDUFA3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3, 9kDa 6.6224 2.6318 3.3732 
NDUFA4 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4, 9kDa 14.206 42.240 18.0833 

NDUFA5 
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5, 
13kDa 15.38 8.8999 1.652 

NDUFA6 
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6, 
14kDa 3.0697 2.532 0.6921 

NDUFA7 
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7, 
14.5kDa 2.5407 1.9457 5.0063 

NDUFAB1 
NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex, 1, 
8kDa 2.0699 1.5605 2.7562 

NDUFB10 
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10, 
22kDa 3.137 2.0156 1.8388 

NDUFB2 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2, 8kDa 1.4799 2.1472 0.3377 
NDUFB3 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 3, 12kDa 2.0339 2.3326 0.7777 
NDUFB4 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 4, 15kDa 2.07 2.1995 1.0197 
NDUFB5 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5, 16kDa 2.6366 2.8922 1.229 
NDUFB6 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6, 17kDa 2.1901 2.1424 0.6319 
NDUFB7 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7, 18kDa 3.7283 1.6991 1.3446 
NDUFB8 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 8, 19kDa 2.9276 1.9095 3.4149 
NDUFB9 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 9, 22kDa 2.4652 1.353 4.427 

NDUFC1 
NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 1, 
6kDa 3.1228 2.7787 2.8487 

NDUFC2 
NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2, 
14.5kDa 3.0591 2.0391 1.1162 

NDUFS1 
NADH dehydrogenase (ubiquinone) Fe-S protein 1, 75kDa 
(NADH-coenzyme Q reductase) 2.4498 1.0806 2.1628 

NDUFS2 
NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49kDa 
(NADH-coenzyme Q reductase) 2.9708 1.4346 2.1976 

NDUFS3 
NADH dehydrogenase (ubiquinone) Fe-S protein 3, 30kDa 
(NADH-coenzyme Q reductase) 3.365 1.8537 2.8874 

NDUFS4 
NADH dehydrogenase (ubiquinone) Fe-S protein 4, 18kDa 
(NADH-coenzyme Q reductase) 3.6757 3.0553 2.3014 

NDUFS6 
NADH dehydrogenase (ubiquinone) Fe-S protein 6, 13kDa 
(NADH-coenzyme Q reductase) 2.1746 1.849 1.6877 

NDUFS8 
NADH dehydrogenase (ubiquinone) Fe-S protein 8, 23kDa 
(NADH-coenzyme Q reductase) 2.391 1.4624 5.2571 

NDUFV1 NADH dehydrogenase (ubiquinone) flavoprotein 1, 51kDa 3.0864 1.5836 1.0202 
NDUFV2 NADH dehydrogenase (ubiquinone) flavoprotein 2, 24kDa 3.6255 1.9832 3.4866 
Table 4.2 Continued from previous page 

NDUFV3 NADH dehydrogenase (ubiquinone) flavoprotein 3, 10kDa 3.9737 1.8392 6.7194 
OXA1L Oxidase (cytochrome c) assembly 1-like 4.528 3.3933 8.726 
PPA2 Pyrophosphatase (inorganic) 2 3.6556 2.1789 1.0801 
SDHA Succinate dehydrogenase complex, subunit A, flavoprotein (Fp) 3.6688 1.3296 3.1002 
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SDHC 
Succinate dehydrogenase complex, subunit C, integral membrane 
protein, 15kDa 3.122 2.701 4.0831 

SDHD 
Succinate dehydrogenase complex, subunit D, integral membrane 
protein 2.362 1.4533 1.1073 

UQCR11 Ubiquinol-cytochrome c reductase, complex III subunit XI 3.1813 2.6713 1.9246 
UQCRC2 Ubiquinol-cytochrome c reductase core protein II 3.2746 2.1458 5.1465 
UQCRH Ubiquinol-cytochrome c reductase hinge protein 2.5376 3.1307 2.8601 

UQCRQ 
Ubiquinol-cytochrome c reductase, complex III subunit VII, 
9.5kDa 1.843 2.3139 2.084 
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Regulation of mtDNA copy number during differentiation of HLC.  

As cells are specified and differentiate into specific lineages, they increase their mtDNA 

copy number in accordance with their energy requirements as mature cell types (20, 26). We 

evaluated whether this was also the case for the differentiation of hAEC into mature 

hepatocytes. Undifferentiated hAEC had low numbers of mtDNA copy per cell (Fig. 4.1), 

which is consistent with pluripotent and multipotent stem cells (19). However, mtDNA copy 

number was significantly down regulated at 14 and 28 days of differentiation (Fig. 4.1). In 

contrast, bone marrow mesenchymal stem cells (BM-MSC) possessed ~1000 copies of 

mtDNA and, as they underwent differentiation, there were significant increases in mtDNA 

copy number (Fig. 4.1).  

As mtDNA replication is primarily driven by POLGA, which is DNA methylated at exon 2, 

we performed MeDIP to evaluate the levels of enrichment for 5mC and 5hmC in both BM-

MSC and hAEC. We expressed mtDNA copy number relative to 5mC:5hmC to determine 

their respective levels of mtDNA replication efficiency. Undifferentiated hAEC had 

significantly lower levels of mtDNA replication efficiency than BM-MSC (Fig. 4.1). Due to 

increased 5mC:5hmC enrichment at exon 2 of POLGA. During differentiation, hAEC 

mtDNA replication efficiency did not increase and remained significantly lower at days 14 

and 28 (Fig. 4.1). In contrast, mtDNA replication efficiency increased with differentiation in 

BM-MSC compared to their undifferentiated counterparts (Fig. 4.1).  

When we evaluated hepatocyte specific gene expression, there was increased expression of 

Albumin in day 28 hAEC derived HLC but Albumin was not detected in day 28 BM-MSC. 

Expression of α1-AT in undifferentiated and day 14 and 28 differentiated BM-MSC 

remained unchanged. However, expression levels of α1-AT in 14 and 28 day HLC were 

significantly lower than hAEC (Fig. 4.2). Expression of the cytochrome enzyme CYP3A4 
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remained unchanged in undifferentiated and differentiated BM-MSC whilst, CYP3A4 levels 

were significantly increased in 14 and 28 day differentiated hAEC (Fig. 4.2). Expression of 

the transcription factor HNF4α remained unchanged in BM-MSC, whilst 28 day 

differentiated hAEC showed lower expression but was not statistically significant (Fig. 4.2). 

BM-MSC showed no significant change in expression of hTERT, whereas, cMYC was 

significantly increased in 14 and 28 day differentiated BM-MSC (Fig. 4.2). However 14 and 

28 day differentiated hAEC showed significant increases in expression of cMYC and 

hTERT (Fig. 4.2). 
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Figure 4.1. MtDNA copy number and MeDIP in differentiated HLC. (A) MtDNA copy number and the mitochondrial replication efficiency 
index (MREI) of BM-MSC and hAEC in undifferentiated, 14 day and 28 day differentiated HLC. Data presented as mean ± SEM of n = 4. * P < 
0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001 compared to BM-MSC using Two-way ANOVA. 
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Figure 4.2. Gene expression of differentiated HLC. Gene expression of the hepatocyte markers A1AT, CYP3A4 and HNF4A; the oncogene 
cMYC and the proliferative marker hTERT in undifferentiated BM-MSC and hAEC and during HLC differentiation at 14 and 28 days. Data 
presented as mean ± SEM of n = 4. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001 compared to BM-MSC using two-way ANOVA. 
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The effects of DNA demethylation on hAEC mtDNA copy number and the potential to 

differentiate. 

To determine whether mtDNA copy number could be modulated in hAEC, we treated cells 

with the global DNA demethylation agent 5-azacytidine (5-aza). Enrichment of 5mC was 

reduced in undifferentiated hAEC, which was maintained through HLC differentiation (Fig. 

4.3). This resulted in an increase in mtDNA copy number in undifferentiated hAEC, which 

was maintained at similar levels during differentiation and was reflected in respective levels 

of mtDNA replication efficiency (Fig. 4.3). Assessment of gene expression patterns of 

hepatocyte specific genes showed aberrant patterns. With differentiation, there were 

increased levels of expression for CYP3A4 whereas levels of expression for α1 antitripsin 

were significantly reduced, expression of albumin was lost and there was no change for 

HNF4α (Fig. 4.3 and 4.4). There were significant increases in expression of NANOG and 

OCT4 in 5-aza treated undifferentiated hAEC and differentiated HLC (Fig. 4.4).  5-aza 

treatment resulted in DNA demethylation at exon 2 of POLGA, increased mtDNA copy 

number and increased expression of pluripotency genes. 
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Figure 4.3. MtDNA copy number and MeDIP in differentiated HLC treated with 5-aza. MtDNA copy number and replication efficiency of 5-
aza treated BM-MSC and hAEC in undifferentiated, 14 day and 28 day differentiated HLC. Changes in gene expression for transcription factor 
HNF4α in 5-aza treated undifferentiated BM-MSC and hAEC and during HLC differentiation at 14 and 28 days. Data presented as mean ± SEM 
of n = 4. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared to hAEC using one-way ANOVA. 

HNF4α 
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Figure 4.4. Gene expression of differentiated HLC treated with 5-aza. Gene expression of the hepatocyte specific genes Albumin, A1AT and 
CYP3A4; the pluripotency genes NANOG, OCT4 and SOX2; the oncogene cMYC; and the proliferative marker hTERT in undifferentiated BM-
MSC and hAEC and during HLC differentiation at 14 and 28 days. Data presented as mean ± SEM of n = 4. * P < 0.05, ** P < 0.01, *** P < 
0.001 and **** P < 0.0001 compared to hAEC using one-way ANOVA. 
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The effects of mtDNA depletion on the differentiation potential of hAEC.  

Partial depletion of mtDNA can also reset the cells to a more undifferentiated state, which 

then allows differentiation to ensue (19, 27). Treating hAEC with ddC for 3 days depleted 

mtDNA copy number to 30% of their original mtDNA content (Fig. 4.5). However, when 

mtDNA depleted cells were allowed to recover in HLC differentiation media for 7 and 14 

days, they failed to increase mtDNA copy number (Fig. 4.5). When we evaluated DNA 

methylation at exon 2 of POLGA in day 3 mtDNA depleted hAEC, 5mC enrichment and, 

thus, replication efficiency was reduced compared to non-depleted hAEC but was not 

statistically significant (Fig. 4.5). Whilst DNA methylation at exon 2 of POLGA remained 

steady at day 7 of differentiation, it increased at day 14 when compared to day 3 mtDNA 

depleted hAEC (Fig. 4.5). The levels of enrichment for 5mC at day 14 of differentiation 

returned to similar levels as undifferentiated hAEC (Fig. 4.5). 

The hepatocyte specific gene α1-AT showed a significant increase in gene expression with 

mtDNA depletion and at day 7 of differentiation but declined to similar levels to 

undifferentiated cells by day14 of differentiation (Fig. 4.6). Albumin gene expression 

significantly decreased with mtDNA depletion and differentiation (Fig. 4.6). CYP3A4 and 

HNF4α gene expression increased significantly and peaked at day 7 of differentiation. 

However, the expression of these genes was reduced at day 14 of differentiation (Fig. 4.6). 

Although there was no change in expression of cMYC, there were significant increases in 

expression of the pluripotency genes in mtDNA depleted hAEC and differentiated hAEC 

(Fig. 4.6). Expression of NANOG and OCT4 increased significantly in mtDNA depleted 

hAEC at 7 and 14 days of differentiation (Fig. 4.6). However, SOX2 expression was 

increased significantly in mtDNA depleted cells at day 7 of differentiation only (Fig. 4.6). 
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Figure 4.5. MtDNA copy number and MeDIP in ddC depleted hAEC for 3 days and subsequent HLC differentiation. MtDNA copy number 
and mitochondrial replication efficiency index (MREI) of 3 day ddC depleted hAEC and day 7 and 14 recovered HLC compared to hAEC. Data 
presented as mean ± SEM of n = 4. *** P < 0.001 and **** P < 0.0001 compared to hAEC using one-way ANOVA. 
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Figure 4.6. Gene expression of 3 day ddC depleted hAEC differentiated HLC for 7 and 14 days. Gene expression of the hepatocyte specific 
genes A1AT, Albumin, CYP3A4 and HNF4α; the pluripotency genes NANOG, OCT4 and SOX2; and the oncogene cMYC in 3 day ddC depleted 
hAEC and 7 and 14 day recovered HLC compared to hAEC. Data presented as mean ± SEM of n = 4. * P < 0.05, ** P < 0.01, *** P < 0.001 and 
**** P < 0.0001 compared to hAEC using one-way ANOVA. 
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Depleting mtDNA for 7 days reduced mtDNA copy number to ~2% of its original content. 

Furthermore, mtDNA copy number did not increase following 7 and 14 days of 

differentiation and remained at < 2% of its original content (Fig. 4.7). Evaluation of 

5mC:5hmC enrichment at exon 2 of POLGA showed a reduction in 5mC enrichment for 

mtDNA depleted hAEC, which was maintained in day 7 and 14 differentiated cells (Fig. 4.7).  

Levels of gene expression for albumin decreased significantly in mtDNA depleted hAEC 

and day 7 differentiated cells (Fig. 4.8) whilst expression of HNF4α remained unchanged 

(Fig. 4.7). However, gene expression of α1-AT significantly increased in mtDNA depleted 

hAEC and there were further significant increases in gene expression at days 7 and 14 of 

differentiation (Fig. 4.8). Furthermore, expression of CYP3A4 increased with mtDNA 

depletion and further significant increases were observed at days 7 and 14 of differentiation 

(Fig. 4.8). Expression of the oncogene cMYC increased significantly in mtDNA depleted 

hAEC as well as at days 7 and 14 of differentiation (Fig. 4.8). The pluripotent genes OCT4, 

SOX2 and NANOG showed significant increases in gene expression in mtDNA depleted 

hEAC (Fig. 4.8). The significant increase in OCT4 gene expression was maintained whereas, 

SOX2 and NANOG expression continued to increase at days 7 and 14 of differentiation (Fig. 

4.8). Likewise, expression of hTERT, a marker of proliferation, was significantly increased 

in mtDNA depleted hAEC at days 7 days and 14 of differentiation (Fig. 4.8). Overall, hAEC 

failed to regulate their mtDNA copy number during HLC differentiation due to higher levels 

of DNA methylation at exon 2 of POLGA. This is the case for both 5-aza treatment and 

partial depletion of mtDNA. 
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Figure 4.7. MtDNA copy number and MeDIP in 7 day ddC depleted hAEC and differentiated HLC. MtDNA copy number and mitochondrial 
replication efficiency index (MREI) of 7 day ddC depleted hAEC and 7 and 14 day recovered HLC compared to hAEC. Gene expression of the 
hepatic transcription factor HNF4α in 7 day ddC depleted hAEC and 7 and 14 day recovered HLC compared to hAEC. Data presented as mean 
± SEM of n = 4. **** P < 0.0001 compared to hAEC using one-way ANOVA. 
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Figure 4.8. Gene expression of 7 day ddC depleted hAEC differentiated HLC for 7 and 14 days. Gene expression of the hepatocyte specific 
genes Albumin, A1AT and CYP3A4; the oncogene cMYC; the pluripotency gene OCT4, SOX2 and NANOG; and the proliferative marker hTERT 
in 7 day ddC depleted hAEC and 7 and 14 day recovered HLC compared to hAEC. Data presented as mean ± SEM of n = 4. * P < 0.05, ** P < 
0.01, *** P < 0.001 and **** P < 0.0001 compared to hAEC using one-way ANOVA. 
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The tumorigenic potential of mtDNA depleted hAEC 

As depleted and non-depleted hAEC expressed high levels of pluripotent genes, the 

oncogene cMYC and the proliferation factor hTERT, we evaluated the tumorigenic capacity 

of hAEC and hAEC depleted to 60, 30 and 5% of their original mtDNA content. We 

injected 2 million cells into NOD/SCID mice. However, the depleted and non-depleted cell 

types failed to form tumours over 6 months, which was the ethical end point for these 

experiments. 
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4.4 Discussion 

Differentiation of hAEC to HLC requires a switch from glycolysis to OXPHOS in order meet 

the ATP needs for functional output. The glucose metabolism gene expression array indicated 

that day 14 and 28 differentiated HLC showed higher levels of gene expression than hAEC. 

These results imply a switch from glycolysis to OXPHOS, a key hallmark of differentiation. 

The three fructose biphosphotase aldoenzymes (ALDOA, ALDOB and ALDOC) are 

involved in glycolysis (28). Down regulation of ALDOA, which catalyses fructose1, 6-

biphosphate to glyceroaldehyde 3-phosphate and dihydroxyacetone phosphate, in day 28 

differentiated HLC indicates an exit from glycolysis. Expression of ALDOA is repressed in 

human liver with higher expression of ALDOB (29). In addition, down regulation of ALDOB 

and ALDOC was more significant in day 28 differentiated HLC, indicating the shutdown of 

glycolysis. Enolase enzymes act further downstream from aldolase enzymes. Enolase 

catalyses the conversion of phosphoglycerate to phosphoenolpyruvate in the glycolytic 

pathway. Enolase 2 (ENO2) is ubiquitously expressed in all tissues whereas Enolase 3 

(ENO3) is muscle specific (30). These enzymes were increased at day 14 of differentiation 

indicating increased glycolysis and repressed in day 28 differentiated HLC indicating reduced 

glycolysis. Similarly, genes associated with the TCA cycle were upregulated in day 14 

differentiated HLC showing higher ATP production through aerobic respiration. However, 

gene expression was down regulated in day 28 differentiated HLC, indicating these cells had 

switched to ATP production other than the TCA cycle. 

The pentose phosphate pathway which acts in parallel to glycolysis for the generation of ATP 

is upregulated in day 14 differentiated HLC. However, expression of these genes decreased in 

day 28 differentiated HLC. Taken together, these results show increased anaerobic ATP 

generation through glycolysis, the TCA cycle and the pentose phosphate pathway in day 14 

differentiated HLC but in day 28 differentiated HLC had shut down these pathways for ATP 
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generation. Interestingly, α-ketoglutarate which is generated in TCA cycle is also known to 

play a role in DNA methylation; thus the metabolic profile of a cell may enhance 

maintenance of pluripotency or lead to lineage commitment (31). These data suggest ATP 

generation through OXPHOS is a probable dominant pathway in day 28 differentiated HLC. 

Moreover, genes associated with glycogen synthesis from glucose showed marked 

upregulation in day 14 and 28 differentiated HLC demonstrate functional capacity to 

synthesise and store glycogen. There are studies suggesting increased glycogen synthesis 

observed in differentiated hepatocytes (3, 4, 32). Importantly, glycogen degradation genes 

were down regulated in day 28 differentiated HLC indicating active promotion of increased 

glycogen synthesis and storage. 

Mitochondria produce the vast majority of ATP required for cell function, particularly, 

hepatocytes have a high demand for ATP. Evaluation of mitochondrial metabolism showed 

high gene expression in day 14 and 28 differentiated HLC. Genes involved in the five 

complexes of ETC were all upregulated in day 14 differentiated HLC. Electrons are 

transferred from electron donors to acceptors through redox reactions, generating a proton 

gradient that drives ATP synthesis. Complex I, which consists of at least 45 polypeptides, 

transfers electrons from NADH to coenzyme Q. Increased expression of complex I genes 

suggest increased OXPHOS. Complex I of ETC is also a primary site of electron leakage that 

results in generation of ROS (33). Complex II, which consists of 4 subunits, reduces 

coenzyme Q and oxidises succinate; reduced coenzyme Q transfers electrons to cytochrome 

C in complex III which comprises of 10 nuclear and 1 mitochondrial encoded subunits (33). 

Both complex II and III were upregulated in day 14 and 28 differentiated HLC indicating 

increased OXPHOS activity. Complex IV of ETC consists of 13 subunits that transfer 

electrons from cytochrome C to oxygen to reduce it to H2O. Complex V consists of 14 

nuclear and 2 mitochondrial encoded subunits that convert ADP to ATP and water (34). 
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Genes associated with all five complexes of ETC were upregulated in day 14 and 28 

differentiated HLC indicating increased ATP generation through OXPHOS. There are no 

reports of comparison of 14 and 28 day differentiated HLC in literature. However, we noted 

that gene expression was highest in day 14 differentiated HLC suggesting that OXPHOS 

would have peaked between 20-28 days post-differentiation. 

Pluripotent and multipotent stem cells have low mtDNA copy number, and as cells 

differentiate, mtDNA copy number is synchronously increased (20, 26, 35). My data show 

that BM-MSC follow this process robustly, however, hAEC are unable to increase their 

mtDNA copy number. It has previously been shown that BM-MSC differentiate into 

hepatocyte-like cells (36-39). However, the differentiation efficiency of BM-MSC has not 

been reported. Our findings are in line with previous reports of low mtDNA copy number in 

undifferentiated pluripotent cells (20, 26). Differentiated cells have increased mitochondrial 

content, mass and mtDNA copy number (7, 40). The inability of hAEC to modulate their 

mtDNA copy number is due to higher ratio of 5mC: 5hmC at exon 2 of POLGA in day 14 

and 28 differentiated HLC. POLGA is the catalytic subunit of mitochondria specific 

polymerase gamma (7). DNA methylation at exon 2 of POLGA is known to modulate 

mtDNA copy number in a tissue specific manner (19, 20). My results show that increased 

DNA methylation on exon 2 of POLGA prevents the synchronous increase in mtDNA copy 

number in HLC derived from hAEC. However, reduced DNA methylation at exon 2 of 

POLGA results in increased mtDNA copy number in BM-MSC differentiated HLC. DNA 

methylation of POLGA suppresses its transcription, thus resulting in blocked mtDNA 

replication machinery (41). ATP levels are sensitive to inhibition of glycolysis in pluripotent 

stem cells whereas differentiated cells are sensitive to inhibition of OXPHOS (42). My data 

conclusively show that differentiation of BM-MSC into HLC results in an increase in 
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mtDNA copy number and reduced DNA methylation at exon 2 of POLGA but not in hAEC. 

This suggests a potential blockage in differentiation of hAEC into HLC. 

Surprisingly, a block in mtDNA copy number does not prevent gene expression associated 

HLC differentiation. Cytochrome 3A4 (43), which is a major drug metabolising enzyme and 

HNF4α, which is major hepatic transcription factor (44), were expressed in hAEC 

differentiated HLC. These data suggest that differentiated HLC had acquired some of the 

hepatic phenotype. In contrast, though there were no changes in mature hepatic gene 

expression in BM-MSC derived HLC, and hepatic gene expression was significantly higher 

in hAEC derived HLC compared to BM-MSC. My finding shows that BM-MSc are better 

able to regulate their mtDNA copy number and express some genes of hepatic lineages.. Cell 

to cell signalling mediates suppression of pluripotency genes by epigenetic silencing and 

enhanced expression of lineage specific genes (45) during differentiation. However, this does 

not occur either in HLC derived from BM-MSC or hAEC, resulting in incomplete shutdown 

of the pluripotency pathway. Remarkably, HLC derived from hAEC had very low gene 

expression with and without differentiation. The oncogene cMYC was highly expressed in 

BM-MSC derived HLC indicating deregulation and promotion of tumorigenic capacity (46). 

In addition, both hAEC and BM-MSC derived HLC were highly proliferative and expressed 

hTERT. The combination of cMYC and hTERT, in which the former is known to activate 

later (47, 48), may have an implication in clinical use of these cells as they may result in 

tumours. 

Treatment of hAEC with 5aza increased levels of 5hmC and reduced 5mC levels of POLGA. 

It has been well known that the addition of a hydroxyl group to 5mC by TET1 marks DNA 

methylation as an active conducive for gene transcription (49). Here, I showed that increased 

5hmC at exon 2 of POLGA resulted in increased mtDNA copy number in hAEC and day 14 

and 28 differentiated HLC. Since 5aza is not gene specific, it has aberrant effects on gene 
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expression patterns (50) resulting in uncharacteristic hepatic gene expression in differentiated 

HLC. Increased expression of CYP3A4 in differentiated HLC indicates the capacity for drug 

metabolism and this can be attributed to 5aza treatment. HepG2 cells have also been shown to 

respond to 5aza treatment with increased CYP3A4 and CCAAT element-binding 

protein(C/EBP) (51). C/EBP and HNF4α are co-expressed and interact (52) in the liver tissue 

may explain increased expression of HNF4α in 5aza treated day 14 and 28 differentiated 

HLC. Treatment with 5aza leads to DNA hypo-methylation and results in increased 

expression of pluripotency genes (53) demonstrating increased pluripotency gene expression 

(OCT4 and NANOG) in 5aza treated HLC that were differentiated for 14 and 28 days. hAEC 

are also easily reprogrammed into induced pluripotent stem cells compared to fibroblasts 

indicating potential epigenetic memory and increased pluripotent gene expression (54). My 

results show that mtDNA copy number can be modulated by 5aza treatment, but it also 

results in expression of some hepatic and pluripotency genes. 

Resetting of the pluripotency state by mtDNA depletion has been shown to enhance 

differentiation potential (27). Depletion of mtDNA promotes conversion of 5mC to 5hmC, 

thus making mitochondrial replication efficiency higher. Increased gene expression for 

pluripotency markers in depleted hAEC demonstrates the resetting of the pluripotency ground 

state (55). I had proposed that, better differentiation can be achieved when a cell is reset to its 

ground state. My results show that, depleted hAEC do not replenish their mtDNA copy 

number when allowed to differentiate. This finding may be due to an inherent block in 

replication of mtDNA due to the origin of the tissue. Once the depleted hAEC are allowed to 

differentiate, they regain DNA methylation at exon 2 of POLGA preventing replication of 

mtDNA, which may be due to repression of POLGA because of the increased activity of the 

DNMTs (56). 



91 
 

Whilst, there was no increase in mtDNA copy number in day 7 and 14 recovered HLC, 

increased gene expression was observed in 3 day depleted cells after day 7 recovery. 

Hepatocyte specific α1-AT, albumin, CYP3A4 and HNF4α showed increased expression 

after day 7 of differentiation. This indicates that, after short term depletion, hAEC are 

committed and differentiate into hepatic lineages. Though expression of α1-AT, which is 

mainly expressed by hepatocytes, is consistent with hepatic lineage commitment (57), 

surprisingly other mature hepatic markers were also expressed. Expression of HNF4α, which 

is a key transcription factor and expressed in mature liver (44), was unexpected considering, 

3 day depleted hAEC were only differentiated for 7 days. Expression of CYP3A4 was 

unexpected at day 7 of recovery, this may be due to expression of the transcription factor 

HNF4α. CYP3A4 is one of the targets of HNF4α, where it binds to the promoter and 

activates transcription (32, 58). However, hepatocyte specific gene expression was shut down 

in day 14 recovered HLC. This may be due to the inability of these cells to modulate mtDNA 

copy number and increased DNA methylation that resulted in suppression of gene expression 

(59). 

My results confirm that upon 3 day depletion of mtDNA, there is increased gene expression 

of pluripotency factors OCT4, SOX2 and NANOG. These data support our hypothesis of 

resetting ground state pluripotency with depletion of mtDNA. Remarkably, expression of 

OCT4, SOX2 and NANOG was further increased at day 7 of HLC differentiation. These 

results indicate that day 7 differentiated HLC are in the process of establishing the pluripotent 

state. Epigenetic memory is erased during reprogramming of induced pluripotent cells (60-

63). This may explain persistent expression of pluripotency genes as well as mature hepatic 

genes in early stages of differentiation. Expression of OCT4, SOX2 and NANOG had 

decreased at 14 days of HLC differentiation compared to 7 days, indicating potential shut 

down of pluripotency genes. I also note that hepatic gene expression was also reduced in day 
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14 differentiated HLC. This suggests that there is possible global shut down of both hepatic 

and pluripotency associated genes. 

Depletion of mtDNA for 7 days reduced mtDNA copy number to less than 2% of their 

original mtDNA copy number. When 7 day mtDNA deplete hAEC are allowed to recover, 

they do not increase their mtDNA copy number. This may be due to the fact that mtDNA had 

been depleted below their capacity to recover. It has been previously reported that depletion 

of mtDNA copy number can only recover up to 1% depletion (27). However, hAEC do not 

recover their mtDNA copy number when depleted to less than 2%. Exon 2 of POLGA 

remains hypermethylated, which would prevent mtDNA replication. Depletion of mtDNA 

also has implications for the tumorigenic capacity of these cells (27). My results show that 

cMYC, an oncogene involved in many cancers (48, 64), was highly expressed in day 7 and 

14 differentiated HLC after 7 days of mtDNA depletion. Though it has been reported that 

hAEC are not tumorigenic, my results suggest potential tumorigenic capacity in mtDNA 

depleted hAEC. In addition, expression of hTERT was also highly expressed in 7 and 14 day 

differentiated HLC after depletion. CMYC directly activates hTERT which is expressed in 

rapidly proliferating and cancerous cells (65). 

Hepatic gene α1-AT and CYP3A4 showed increased expression in 7 and 14 day 

differentiated HLC after 7 days of mtDNA depletion. Hepatic gene expression peaked at day 

14 of differentiation, however, there was no change in expression of HNF4α which indicated 

incomplete differentiation. In addition, pluripotency persisted in 7 day depleted hAEC and 

differentiated HLC. Though OCT4 was consistently expressed in 7 day depleted and 7 and 14 

day differentiated HLC, SOX2 and NANOG showed a different profile of expression. Both 

SOX2 and NANOG were highly expressed after 7 day depletion in day 7 and 14 

differentiated HLC. These results show that depleted hAEC remain in a pluripotent state even 

after day 14 of differentiation. My results show that depletion of mtDNA resets the 
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pluripotent state by up regulating OCT4, SOX2 and NANOG. Upon differentiation, 

persistence of both hepatic and pluripotency genes is observed after 14 days of differentiation. 

Evaluation of tumorigenesis in hAEC and mtDNA depleted hAEC shows that the cells did 

not form tumours. Nevertheless these cells show high levels of expression of oncogene 

CMYC and telomerase enzyme hTERT which promotes proliferation. The inability of hAEC 

to form tumours may be due to relatively low levels of cMYC compared to BM-MSC, which 

are not tumorigenic. BM-MSC possess similar levels of cMYC expression to placental 

derived MSC and higher than hAEC (66). Though, expression of the pluripotency genes 

OCT4, SOX 2 and NANOG was high in mtDNA depleted hAEC, they failed to initiate 

tumorigenesis. The failure of tumour formation despite high expression of the pluripotency 

genes and cMYC might be due to suppression of other genes. Cancer associated P53 and 

PTEN are well known genes associated with tumorigenesis (67), however, their expression in 

hAEC and mtDNA depleted hAEC remains unknown. Suppression of P53 and PTEN or other 

cancer associated genes could prevent tumorigenesis in hAEC. Additional genes, such as 

E2F1, which is known to negatively regulate CMYC induced hTERT (68) may suppress 

tumorigenesis. 

Overall, my results indicate that hAEC are unable to modulate their mtDNA copy number 

which correlates with DNA methylation at exon 2 of POLGA. Differentiated HLC express 

some hepatic markers, however, there is persisted expression of pluripotency genes. 

Modulation of mtDNA using 5aza increases mtDNA copy number and reduces DNA 

methylation, however, there is aberrant gene expression. Depletion of mtDNA to reset the 

pluripotent state results in increased pluripotent gene expression. However, it does not 

modulate an increase in mtDNA copy number to enhance HLC differentiation. Though this 

creates more pluripotent cells, they are not tumorigenic.  
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Chapter 5 
Effects of Encapsulation on HLC mtDNA 
copy number, DNA methylation of POLGA 
and their transcriptomic profile  
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5.1 Introduction 

Deriving functional hepatocytes will pave the way for treating liver disease and drug 

screening. Due to the scarcity of human hepatocytes available for transplantation, hepatocyte-

like cells have been derived from various stem cell types with varied success (1-3). Cells 

grown under laboratory conditions are often on hard plastic or glass surfaces that do not 

represent true in vivo conditions. Cells within the organs are generally supported by 

extracellular matrix and in contact with other cells. Culturing cells in 3D closely mimics 

physiological conditions better than 2D culture. We have reported changes in gene expression 

and the metabolic profile of 3D cultured cells compared to 2D cultured cells (4). Culturing 

hepatocyte-like cells in 3D may represent a novel tool for toxicity and metabolic drug 

screening assays (5). I seek to establish whether encapsulation and differentiation of hAEC 

generates functionally mature hepatocytes. Here, I evaluate global changes in gene 

expression with hepatic differentiation and encapsulation using RNAseq. 

Encapsulation of hAEC 

Various methods have been used to create a 3D environment that mimics in vivo conditions. 

Cell encapsulation in biocompatible microcapsules is a good alternative strategy for 

preventing immune rejection and delivering large number of cells. Use of hydrogels and 

synthetic biomaterials is a common approach in culturing cells in 3D (6, 7). A variety of 

biomaterials have been used including alginate (6, 8, 9), chitosan (10-12), agarose (13) and 

poly-ethylene-glycol (PEG) (14) for cell encapsulation; Of these, Barium alginate as a 

capsular material is most widely used for hepatocyte encapsulation studies (15). Barium 

alginate microcapsules have been used in human clinical trials and its safety has been 

evaluated in both animals and humans (16, 17). The choice of material influences foreign 

body response (FBR) from host immune cells when encapsulated cells are transplanted. The 
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standard assessment post-transplantation of encapsulated cells is the viability of the 

encapsulated cells and fibrotic cellular overgrowth around the capsule (16, 18). Although 

barium alginate is an inert material, there is passive FBR to the capsules. In addition, there 

have been reports of FBR to encapsulated islet cells which is mediated by macrophages that 

results in fibrosis and eventual death of encapsulated cells. However, this can be overcome by 

using a purer grade of alginate in the composition of microcapsules to reduce FBR (19). 

Since initial conception of immune-isolation of the graft by encapsulation (20), further efforts 

have been made to deliver cells for various diseases. Transplantation of encapsulated islet 

cells has been the most widely used application of this technology. Both allogenic and 

xenogeneic cells have been transplanted in various models (21). Recent studies have shown 

that hepatocytes can also be encapsulated; a large number of capsules grafted to the extra 

hepatic site and the transplanted cells can rescue animal models of ALF (22, 23). 

Transplantation of encapsulated hepatocytes overcomes the need for systemic immune 

suppression and the low rate of engraftment. 

The microcapsules are 200-700 µM in diameter, have a porous membrane that allow small 

molecules and oxygen to diffuse but not large immunoglobulins. Furthermore, encapsulation 

creates a three dimensional (3D) environment which enhances the function of HLC. In fact, 

recent studies have shown that the 3D environment augments the function of hepatocytes by 

secretion of extracellular matrixes (24). A 3D culture system allows cell-to-cell and cell-to-

matrix interactions that are important for cell functions. Both induced pluripotent cells (25) 

and embryonic stem cells (26) show improved differentiation potential in 3D culture. We 

have also shown that barium alginate encapsulated HLC have enhanced gene expression and 

metabolic functions (4). Encapsulating HLC for cell transplantation purposes would be a 

good alternative strategy but the effects of encapsulation on mtDNA copy number, DNA 

methylation of POLGA and their transcriptome remains largely unexplored. 
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MtDNA copy number and DNA methylation. 

Mitochondrial DNA copy number increases with lineage commitment and differentiation (27, 

28). The role of mitochondria in encapsulated HLC would also be important due to lack of 

sufficient oxygen to the core of the capsule. The encapsulated HLC at the core of the capsule 

are often prone to oxygen and nutrient deprivation due to the limit of passive diffusion. 

Encapsulating HLC at a rate of 1000 cells per capsule with an average diameter of 600 µm 

maintains viability at more than 90% (4). Continual replication of mtDNA is required to 

generate ATP via OXPHOS to meet the functional needs of HLC. Provided there is a limited 

supply of oxygen, it would be important to evaluate mtDNA copy number in encapsulated 

hAEC and HLC. My previous findings showed that partial depletion of mtDNA with ddC 

promotes induction of pluripotent genes. I also sought to determine mtDNA copy number in 

encapsulated hAEC and HLC depleted of mtDNA for one and three days. 

MtDNA replication is primarily driven by POLGA, which has been shown to be differentially 

methylated at exon 2 (27, 28). DNA methylation at exon 2 of POLGA results in low mtDNA 

copy number; whereas demethylation results in transcription of POLGA and a subsequent 

increase in mtDNA copy number. However, DNA methylation at exon 2 of POLGA has not 

been evaluated in encapsulated hAEC and HLC. I set out to evaluate mtDNA copy number 

and DNA methylation of POLGA in encapsulated hAEC and HLC in non-depleted cells and 

1 and 3 day mtDNA depleted cells. 

Gene expression Patterns for encapsulated HLC 

Encapsulation provides 3D culture conditions where there are cell-to cell and cell-to-matrix 

interactions that mimic in vivo conditions and impact gene expression (29). Encapsulation 

and differentiation of hAEC allows secretion of extracellular matrix, which has been shown 

to enhance hepatocyte functions (30, 31). HAEC cultured in 2D are also cultured on collagen 
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coated flasks to promote better differentiation and function. Mechanical properties of secreted 

collagen within the capsules would be different compared to a collagen coated flask, which 

would in turn affect gene expression. There is evidence that changes in the extracellular 

matrix impact on ERK and RHO signalling in cultured breast cancer cells (32). Culturing 

neuroblastoma cells in a 3D collagen matrix increases gene expression of cytoskeleton, 

extracellular matrix and neurite outgrowth associated genes (33). Integrins interact with 

extracellular matrix and activate kinase and MAPK signalling. These interactions also dictate 

formations of tight junctions and cell adhesion molecules in 3D environment (34). Culturing 

human hepatocytes in 3D aggregates increases gene expression of lipid, organic acid and 

amino acid metabolism. In addition, there was increased expression of transcription factor 

HNF4α and its target genes (30). Interestingly, HepG2 cells cultured in spheroids also 

showed increased expression of E-cadherin, VEGF and KDR (35). Cell-to-cell contact in 3D 

cultures allows for increased expression of cell adhesion and tight junction proteins claudin-1, 

ZO-1, occluding, β-catenin and E-cadherin in the hepatoma cell line Huh7 (36). These studies 

suggest that anchor proteins and maintenance of proliferation are enhance in 3D culture. 

Metabolic functions of hepatocytes are also impacted when culture in 3D compared to 2D. 

The primary driver of enhanced metabolic functions is the ability of hepatocyte to become 

polarised (37). A key step in attaining polarity is accompanied by increased OXPHOS, 

changes in mitochondrial mass and their distribution in the cytoplasm (38). Polarisation of 

hepatocytes requires increased ATP production, which is generated from lipid metabolism. 

There is increased production of albumin and urea when hepatocytes are cultured in 3D and 

polarised (39). These finding suggest that culture and differentiation of hepatocytes in 3D 

barium alginate microcapsules enhance their metabolic functions and gene expression 

patterns. Here, I evaluate transcriptome changes when hAEC are induced to differentiate into 

HLC and with encapsulation of HLC.  
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5.2 Materials and Methods 

hAEC isolation 

hAEC were isolated, as previously described in the General Materials and Methods, Section 

2.3 and frozen in DMEM/F12 with 10% DMSO in liquid nitrogen until further use. 

MtDNA depletion 

hAEC were cultured for 3-5 days until they achieved epithelial morphology. To deplete 

mtDNA, cells were then treated with 10 µM ddC supplemented with 50 µg/ml Uridine (Sigma 

Aldrich) in DMEM/F12 with 10% FBS. The media was changed every 24 hours for 1 (20% 

mtDNA depletion) and 3 days (50% mtDNA depletion).  

Encapsulation of hAEC 

Upon mtDNA depletion, cells were encapsulated in barium alginate microcapsules, as 

described in the General Materials and Methods, Section 2.8. 

HLC differentiation 

Upon encapsulation, hAEC were differentiated into HLC, as described in Section 2.4 of the 

General Materials and Methods. Encapsulated hAEC were differentiated into HLC for 14 and 

28 days with media changed every alternate day. 

Cell viability of encapsulated cells 

Viability of encapsulated cells was determined at 0 days post-encapsulation and at 14 and 28 

post-encapsulation in differentiating HLC. Encapsulated cells were stained with 6-

carboxyfluorescein diacetate (CFDA, 4.6 µg/mL; Sigma Aldrich) and propidium iodide (PI, 

10 µg/ml; Sigma Aldrich). The encapsulated cells were rinsed three times in warm DPBS and 

incubated with CFDA at 37ºC for 30 minutes. Encapsulated cells were washed three times 
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with DPBS to remove excess CFDA and PI was added for 10 minutes. Encapsulated cells 

were rinsed in DPBS and visualised under a fluorescence microscope under blue filter. The 

live cells were stained green and dead cells were stained red. 

Decapsulation of HLC 

Upon completion of HLC differentiation, encapsulated cells were decapsulated, as described 

in the General Materials and Methods, Section 2.9. 

Nucleic acid purification 

After decapsulation of HLC, DNA was extracted from the cell pellets, as described in the 

General Materials and Methods, Section 2.5.4. RNA was extracted from cell pellets, as 

described in the General Materials and Methods, Section 2.5.1. 

MtDNA copy number and MeDIP 

MtDNA copy number was evaluated for encapsulated HLC, as described in the General 

Materials and Methods, Section 2.6. Immunoprecipitation for 5-methylcytosine and 5-

hydroxymethylcytosine was performed on encapsulated HLC, as described in the General 

Materials and Methods, Section 2.7. 

RNA-seq 

RNA was extracted using the RNA Mini Kit (Qiagen). On column DNase I digest was 

performed to eliminate contaminating DNA. Quality control was performed on all RNA 

samples using Agilent Bioanalyser Nanochip (Agilent Technologies). RNAseq was performed 

at the Australian Genomic Research Facility (AGRF) at Walter and Eliza Hall Institute of 

Medical Research (WEHI). cDNA libraries were prepared using the Illumina TrueSeq 

stranded mRNA Kit (Illumina), according to the manufacturer’s instructions. RNA libraries 

were sequenced using Illumina HiSeq 2000 (Illumina) with 100 base pair single end reads 
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with 20 million reads per sample. Data were generated with the Illumina CASAVA pipeline 

version 1.8.2 (Illumina). Data analysis was performed using R package. HLC were compared 

with hAEC, encapsulated HLC with hAEC, and encapsulated HLC with HLC.  

Ingenuity Pathway Analysis 

Normalised gene expression data generated from RNA-seq were uploaded into Ingenuity 

Pathway Analysis software (IPA; Qiagen). Pathway and network analysis was performed with 

IPA by applying a minimum of 2 fold change in gene expression, P value of <0.05 and false 

discovery rate of <0.05 (q value). The selected genes were mapped against the inbuilt KEGG 

pathway for selection of the top five canonical pathways and top five networks, which showed 

differential gene expression. 

Statistical analysis 

Data are shown as the mean ± SEM derived from a minimum of n = 4-6 hAEC cultures. 

Comparisons were made using One-Way Anova using GraphPad Prism V6.01 (Graph Pad, 

San Diego, CA). Significance was accorded when P < 0.05; significance given as *p < 0.05, 

**p < 0.01, ***p < 0.001 and ****p < 0.0001.  
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5.3 Results 

5.3.1 MtDNA copy number and methylation of POLGA in encapsulated hAEC.  

I performed encapsulation of hAEC to differentiate hAEC in a 3-dimensional environment. 

The encapsulation of hAEC was performed on cells depleted of their mtDNA for 1 day (20% 

depletion of mtDNA), 3 days (50% depletion of mtDNA) and non-depleted hAEC. Both 

mtDNA depleted and non-depleted hAEC retained viability at more than 95% post-

encapsulation. The viability of encapsulated cells remained more than 90% after 14 and 28 

days post-encapsulation (Figure 5.1). 



111 
 

 

          hAEC                                  20% mtDNA depletion           50%mtDNA depletion 

Figure 5.1. Assessment of viability of encapsulated cells. Encapsulated cells were stained with CFDA (green) and propidium iodide (red) to 
evaluate viability of the encapsulated cells at 0 days, 14 days and 28 days in hAEC, 20% mtDNA depleted cells and 50% mtDNA depleted 
cells respectively. Average capsule size was 600 µM. 
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Assessment of mtDNA copy number showed encapsulated 2wk HLC and HLC had 

significantly reduced mtDNA copy number with differentiation (Figure 5.2A). In addition, 

the levels of 5mC enrichment were also significantly lower in encapsulated 2wk HLC and 

encapsulated HLC (Figure 5.2A). These results show that encapsulated HLC are unable to 

increase their mtDNA copy number despite having low DNA methylation at exon 2 of 

POLGA. Whereas 20% mtDNA depleted hAEC showed decreased mtDNA copy number in 

2wk encapsulated HLC, mtDNA copy number in encapsulated HLC returned to similar levels 

as undifferentiated hAEC (Figure 5.2B). Analysis of the level of enrichment for 5mC in 20% 

mtDNA depleted hAEC showed high levels of enrichment for DNA methylation at exon 2 of 

POLGA, whereas 5mC enrichment was significantly reduced in 2wk encapsulated HLC and 

encapsulated HLC (Figure 5.2B).  

Upon encapsulation and differentiation, mtDNA copy number was further significantly 

decreased in 2wk encapsulated HLC but mtDNA copy number in encapsulated HLC returned 

to their original levels (Figure 5.2C). However, analysis of 5mC enrichment showed very low 

DNA methylation in 50% mtDNA depleted hAEC and 2wk encapsulated HLC (Figure 5.2C). 

Contrary to that, 5mC enrichment levels were increased in 50% mtDNA depleted 

encapsulated HLC, however, the changes were not statistically significant (Figure 2C). 

Overall, mtDNA copy number was significantly reduced at 14 days of encapsulated 

differentiation and there was increased mtDNA copy number in encapsulated HLC in both 

depleted and non-depleted hAEC. The ratio of 5mC:5hmC showed a significant reduction in 

DNA methylation at exon 2 of POLGA with encapsulation, however, there were no increases 

in mtDNA copy number in encapsulated cells. 
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Figure 5.2. MtDNA copy number and MeDIP of encapsulated cells.  MtDNA copy number and 
DNA methylation of POLGA at exon 2 in (A) hAEC encapsulated 2wk HLC and encapsulated HLC. 
(B) MtDNA copy number and methylation of POLGA at exon 2 in 20% mtDNA depleted hAEC, 
2wk encapsulated HLC post-depletion and encapsulated HLC post-depletion. (C) MtDNA copy 
number and DNA methylation of POLGA at exon 2 in 50% mtDNA depleted hAEC, 2wk 
encapsulated HLC post-depletion and encapsulated HLC post-depletion. Data presented as mean ± 
SEM of n = 4. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared to hAEC using one-way ANOVA. 
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5.3.2 Changes in gene expression in differentiated HLC. 

I performed RNA-seq on differentiated HLC and compared them to undifferentiated hAEC to 

evaluate changes in gene expression with HLC differentiation. There were 1722 differentially 

regulated genes in HLC with 695 genes being up regulated and 1027 genes being down 

regulated. The top candidate genes up regulated in HLC include MIR612, which inhibits 

hepatocellular carcinoma proliferation, migration and metastasis (Table 5.1) (40). KDR, 

which functions as a VEGF-inducer of proliferation and tubular morphology (41), was also 

up regulated. A WNT-2 family inhibitor DKK1 was highly expressed in HLC, which is known 

to inhibit WNT-2 mediated cell growth (42) and may promote differentiation. In addition, 

OASL was also upregulated, which regulates cytokine-mediated signalling pathway (43) and 

glutathione enzyme GGT5 (Table 5.1). Other notable genes that were up regulated in HLC 

include compliment factor B, follistatin and cytochrome P450 enzyme CYP1B1. Increased 

expression of CYP1B1, which is responsible for Phase I metabolism by inserting one atom of 

oxygen (44), creates substrates for other P450 cytochrome enzymes. Top candidate genes that 

were down regulated include L1CAM and PODXL, which are involved in cell adhesion and 

migration (Table 5.1). Lipoprotein receptor LDLR and LIPG, genes involved in lipoprotein 

metabolism were also down regulated (Table 5.1). LDLR binding  is thought to suppress 

cholesterol synthesis (45). Other notable genes that were down regulated include SOX9, 

RASGRF1 and SLCO2A1 (Table 5.1). 

The top Canonical pathways affected were ATM signalling, axonal guidance signalling, cell 

cycle control of chromosomal replication, mitotic role of polo-like kinases and interferon 

signalling. The ATM signalling pathway was largely down regulated with only four genes, 

GADD45B, GADD45G, JUN and NFKB being up regulated. Upregulation of GADD45 

inhibits CDK1 and Cyclin B, which, in turn, controls G2/M transition (Figure 5.3). Genes that 

control G2-M phase progression, CDC25C and CDC2, were also down regulated (Figure 5.3).  
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Table 5.1. Top candidate differentially expressed genes in HLC compared to undifferentiated 

hAEC. Up and down regulation is shown as fold change and its function. 

Genes Fold 
change 

Function 

MIR3936 
MIR612 
WDR86 
KDR 
 
CHST2 
 
DKK1 
 
 
SCNN1A 
 
GGT5 
 
EBF3 
 
OASL 

261 
241 
178 
144 
 
131 
 
127 
 
 
93 
 
83 
 
81 
 
73 

No known function (may be implicated in cancer) 
Inhibition of HCC proliferation, migration, invasion, and metastasis 
No known function 
Main mediator of VEGF-induced endothelial proliferation, survival, 
migration, tubular morphogenesis 
Transfer of sulfate to position 6 of non-reducing N-acetylglucosamine 
(GlcNAc) residues within keratan-like structures on N-linked glycans 
Secreted protein with two cysteine rich regions and is involved in 
embryonic development through its inhibition of the WNT signaling 
pathway 
Nonvoltage-gated, amiloride-sensitive, sodium channels control fluid and 
electrolyte transport across epithelia 
Convert leukotriene C4 to leukotriene D4. The enzyme is capable of 
cleaving the gamma-glutamyl moiety of glutathione. 
DNA binding transcription factor. EBF proteins are involved in B-cell 
differentiation, bone development and neurogenesis 
Cytokine-mediated signalling pathway; defence response to virus; 
immune response 

L1CAM 
 
PODXL 
SOX9 
 
RASGRF1 
 
LDLR 
 
PRRT4 
MYEOV 
LIPG 
 
KRT80 
 
 
SLCO2A1 

-497 
 
-320 
-199 
 
-159 
 
-156 
 
-146 
-139 
-132 
 
-130 
 
 
-121 

Cell adhesion molecule, plays an important role in nervous system 
development, including neuronal migration and differentiation 
Cell adhesion; cell migration; epithelial tube formation 
Acts during chondrocyte differentiation and, with steroidogenic factor 1, 
regulates transcription of the anti-Muellerian hormone (AMH) gene. 
A guanine nucleotide exchange factor (GEF), stimulates the dissociation 
of GDP from RAS protein 
Low density lipoprotein (LDL) is normally bound at the cell membrane 
and taken into the cell. Has a role in homeostasis of cholesterol  
Proline-rich transmembrane protein 4 
Myeloma overexpressed 
Has substantial phospholipase activity and may be involved in lipoprotein 
metabolism and vascular biology 
Involved in cell differentiation, localizing near desmosomal plaques in 
earlier stages of differentiation but then dispersing throughout the 
cytoplasm in terminally differentiating cells 
Mediates  the uptake and clearance of prostaglandins in numerous tissues 
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Figure 5.3. ATM signalling pathway. ATM signalling was the top canonical pathway affected in differentiated HLC compared to hAEC. 
Genes in the ATM signalling pathway were mainly down regulated except for GADD, JUN and NFKBIA. Red indicates up regulation in 
HLC and green indicates down regulation in HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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Whereas there were a large number of genes down regulated in axonal guidance signalling, 

there were still 20 genes that were up regulated which included members of membrane 

anchored proteins and WNT genes (Figure 5.4). Though EPHA2 and EPHB2 were down 

regulated, their downstream targets KALRN and SDC2 were up regulated which control 

cytoskeletal reorganisation in a cascade of genes (Figure 5.4). The cell cycle control of 

chromosomal replication pathway was down regulated which involved genes of cell division 

control protein CDC6, CDC45 and DNA replication factor MCM3, 4, 5 and 6 (Figure 5.5). 

ORC1 and ORC6, which are part of origin recognition complex (ORC) that control centriole 

and centrosome copy number, were also down regulated in HLC (Figure 5.5). Gene involved 

mitotic role of polo-like kinase, KIF and PLK were down regulated. CDC2 and Cyclin B 

which are central to centrosome separation and mitotic entry, were also down regulated 

(Figure 5.6). More interestingly, the interferon signalling pathway was significantly up 

regulated with high expression of IFIT genes as well as STAT genes in HLC (Table 3). JAK1 

and JAK2, which activate STAT1, were up regulated. STAT1 can be phosphorylated and form 

homodimers to activate Interferon type II signalling, whereas, phosphorylated STAT1 and 

STAT2 form hetrodimers to activate type I interferon signalling (46) (Figure 5.7). Overall, 

these results indicate that HLC have exited proliferation and initiated differentiation, however, 

they also become highly immunogenic by up regulating interferon signalling. 

I also performed network analysis on differentiated HLC. The top networks affected were cell 

cycle and cellular assembly, DNA replication, recombination and repair, developmental and 

hereditary disorders, hepatic system development and lipid, vitamin and mineral metabolism. 

Cell cycle, cellular assembly and organisation had four genes, AURKB, BUB1, NDC80 and 

SGOL1, which were central to the network that were down regulated (Figure 5.8).  
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Figure 5.4. Axonal guidance signalling pathway. The top canonical pathway affected in differentiated HLC compared to hAEC. Genes in 
the axonal guidance signalling pathway showed equal number of genes up and regulated in HLC. Red indicates up regulation in HLC and 
green indicates down regulation in HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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Figure 5.5. Cell cycle control of the chromosomal replication pathway. Cell cycle 
control and replication was among the canonical pathways affected in differentiated HLC 
compared to hAEC. Genes in the cell cycle control and chromosomal replication 
pathway were all down regulated in HLC. Red indicates up regulation in HLC and green 
indicates down regulation in HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n 
= 4. 
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Figure 5.6. Mitotic role of polo-like kinase pathway. The mitotic role of polo-like 
kinase pathway was among the canonical pathways affected in differentiated HLC 
compared to hAEC. Genes in the mitotic role of polo-like kinase pathway were all down 
regulated in HLC. Red indicates up regulation in HLC and green indicates down 
regulation in HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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Figure 5.7. Interferon signalling. Interferon signalling was among the canonical pathways highly affected in 
differentiated HLC compared to hAEC. Genes in the interferon signalling pathway were all up regulated in HLC. 
Red indicates up regulation in HLC and green indicates down regulation in HLC with P < 0.05 and Q < 0.05 and 
fold change ≥ 2 from n = 4. 
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AURKB participates in chromosomal segregation during mitosis, BUB1 is required in spindle 

assembly, NDC80 is involved in correct segregation of chromosome during mitosis and 

SGOL1 also participates in cell division. Some of the genes associated with SGOL1, 

PPP2R2D and PPME1, were upregulated in the network (Figure 5.8A). CNN2, UACA and 

SPRED1 and SPRED2 were all down regulated, however, they did not affect ERK expression 

even though they target ERK directly (Figure 5.8A). The DNA replication, recombination and 

repair network showed similar distribution of both up regulated and down regulated genes, 

with up regulation of PLSCR1 and CALCOCO2, which were central to the network (Figure 

5.8B). The other network involved in differentiated HLC was development and hereditary 

disorders. The majority of the genes in the network were down regulated with BARD1, 

SRPK1 and PCNA central to regulating other genes in the network (Figure 5.9A). BARD1, 

which regulates cell growth and acts as a tumour suppressor, had an inhibitory effect on the 

target genes (Figure 5.9A). SRPK1 and PCNA, which are involved with cell cycle and 

proliferation also had mainly inhibitory effects on gene expression of the target genes (Figure 

5.9A). 

Involvement of the hepatic system development network shows that hAEC are differentiating 

into HLC (Figure 5.9B). However, most genes involved were down regulated with only 6 

genes up regulated. NFκB complex expression was unchanged, however, B3GNT9 and 

ARHGAP28, which act directly on NFκB were up regulated in HLC. In addition, other genes 

in the hepatic system development network that act on NFκB were down regulated (Figure 

5.9B). GALK1 and CRIPAK which are directly associated with ECT2 were also up regulated 

(Figure 5.9B). Moreover, genes involved in lipid, vitamin and mineral metabolism were also 

up regulated in differentiated HLC. CA12, a zinc metalloenzyme that catalyses hydration of 

carbon dioxide, which is also associated with RDH11 and SGSM2, was highly expressed 

(Figure 5.10). NADP-retinol dehydrogenase was highly expressed and it is associated with 
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RDH10 and DHRS3, which were also highly expressed in HLC (Figure 5.10). These results 

indicate that HLC may also be able to perform some of the hepatocyte functions. 
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Figure 5.8. Networks involved in differentiated HLC. The top networks involved in differentiated HLC were (A) cell cycle, cellular 
assembly and organisation and (B) DNA replication, recombination and repair. (A) The cell cycle and cellular assembly network showed 
down regulation of the majority of genes in HLC compared to hAEC, but there were few genes up regulated in HLC. The DNA replication 
and repair network showed an equal number of genes up regulated and down regulated in HLC compared to hAEC. Red indicates up 
regulation in HLC and green indicates down regulation in HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 

A B 
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Figure 5.9. Developmental and hepatic system development networks in HLC. Additional networks involved in differentiated HLC were 
(A) developmental and hereditary disorder and (B) Hepatic system development. (A) The developmental and hereditary network showed down 
regulation of the majority of genes in HLC compared to hAEC, but there were few genes up regulated in HLC. (B) The hepatic system 
development network showed major down regulation of genes with few genes up regulated in HLC compared to hAEC. Red indicates up 
regulation in HLC and green indicates down regulation in HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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Figure 5.10. The lipid, vitamin and mineral metabolism network in HLC. 
Involvement of the lipid, vitamin and mineral network showed similar distribution of both 
up regulated and down regulated genes in HLC compared to hAEC. Some of the genes 
like CA12 and DHRS3 were highly expressed in HLC compared to hAEC. Red indicates 
up regulation in HLC and green indicates down regulation in HLC with P < 0.05 and Q < 
0.05 and fold change ≥ 2 from n = 4. 
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5.3.3 The effects of encapsulation on HLC differentiation and gene expression. 

I compared encapsulated HLC to hAEC to evaluate changes in gene expression during 

differentiation in encapsulated HLC. There were total of 1325 differentially regulated genes, 

with 705 genes up regulated and 620 genes down regulated. The top candidate genes that 

were upregulated include MIR203, which directly targets CDK6, Vimentin and SET (47) 

(Table 5.2). Increased levels of MIR203 down regulates SOCS3 in hepatocytes, thus allowing 

STAT3 driven expression of cyclin A and D1 which promote proliferation (48). Follistatin, 

which binds and activates the TGF-β superfamily, was also highly expressed in encapsulated 

HLC. Genes involved in cell adhesion and extracellular matrix organisation, COL18A1 and 

CD248, a cell adhesion trans-membrane receptor, were also highly expressed in encapsulated 

HLC compared to hAEC (Table 5.2). Forkhead box protein A3 (FOXA3 also known as 

HNF3G), which is involved in activation of liver specific transcripts of albumin and plays a 

role in liver differentiation increased 17 fold in encapsulated HLC. Other notable genes that 

were up regulated include acyl-CoA synthatase ACSL5, collagen COL27A1 and solute carrier 

SLC43A1. The top candidate genes that were down regulated include CLDN11, membrane 

protein and component of tight junction strands, and TNFSF15, which mediates activation of 

NFκB (48)(Table 5.2). TGF-α, which binds to EGF-receptor and promotes proliferation and 

differentiation, was also down regulated in encapsulated HLC (Table 5.2). LIPG and 

SEMA3D, which are involved in lipid metabolism and cell differentiation, respectively, were 

also down regulated in encapsulated HLC compared to hAEC (Table 5.2). Other notable 

genes that were down regulated in encapsulated HLC were integrin β4, L1 cell adhesion 

molecule and inhibin βA. 

When I performed canonical pathway analysis, I found that the stellate cell activation 

pathway was the top affected pathway in encapsulated HLC compared to hAEC (Figure 5.11).  
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Table 5.2. Top candidate genes differentially expressed in encapsulated HLC compared to 

undifferentiated hAEC. Up and down regulation of genes is shown as fold change as are gene 

functions. 

Genes Fold 
change 

Function 

MIR203 
MLXIPL 
 
FST 
 
ACSL5 
 
CHST2 
 
PNMT 
 
COL18A1 
SCNN1A 
 
CD248 
 
CA12 
 
 

700 
185 
 
143 
 
133 
 
113 
 
104 
 
102 
93 
 
77 
 
71 

Inhibit cell growth and directly target CDK6, Vimentin, SET and SMYD3 
Cellular response to carbohydrate stimulus; cellular response to glucose 
stimulus; energy reserve metabolic process 
Binds to activing and TGF-b superfamily, specifically inhibits follicle-
stimulating hormone release 
Convert free long-chain fatty acids into fatty acyl-CoA esters, and play a 
key role in lipid biosynthesis and fatty acid degradation 
Transfer of sulfate to position 6 of non-reducing N-acetylglucosamine 
(GlcNAc) residues within keratan-like structures on N-linked glycans 
Catalyses the last step of the catecholamine biosynthesis pathway, which 
methylates norepinephrine to form epinephrine (adrenaline) 
Cell adhesion and extracellular matrix organization 
Nonvoltage-gated, amiloride-sensitive, sodium channels control fluid and 
electrolyte transport across epithelia 
Family of C-type lectin transmembrane receptors which play a role in cell-
cell adhesion processes and host defence 
Zinc metallo-enzymes that catalyse the reversible hydration of carbon 
dioxide. Participate in calcification, acid-base balance, bone resorption, 
and the formation of saliva, and gastric acid 

CLDN11 
 
PODXL 
TNFSF15 
 
CDH3 
 
PRRT4 
TNC 
 
 
TGFA 
 
LIPG 
 
PSG1 
SEMA3D 

-418 
 
-205 
-107 
 
-99 
 
-68 
-61 
 
 
-47 
 
-46 
 
-46 
-44 

Membrane protein and components of tight junction strands. playS critical 
roles in maintaining cell polarity and signal transductions 
Cell adhesion; cell migration; epithelial tube formation 
Mediates activation of NF-kappa-B. Inhibits vascular endothelial growth 
and angiogenesis (in vitro). Promotes activation of caspases and apoptosis 
The encoded protein is a calcium-dependent cell-cell adhesion 
glycoprotein comprised of five extracellular cadherin repeats 
Proline-rich transmembrane protein 4 
Cell adhesion; cellular response to prostaglandin D stimulus; cellular 
response to retinoic acid; cellular response to vitamin D; extracellular 
matrix organisation 
Ligand for the EGF receptor, which activates a signalling pathway for cell 
proliferation, differentiation and development 
Has phospholipase activity and may be involved in lipoprotein metabolism 
and vascular biology 
Pregnancy specific beta-1-glycoprotein 1 
Cell differentiation; multicellular organismal development. 
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Collagen genes (11A2, 16A1, 18A1, 27A1 and 9A3) and growth factor vascular endothelial 

growth factor (VEGF) were specifically upregulated in encapsulated HLC. Genes that were 

down regulated in the stellate cell activation pathway included matrix metalloproteinase 

(MMP) and tissue inhibitors of metalloproteinase (TIMP) (Figure 5.11). The results suggest 

that there is increased collagen synthesis and reduced breakdown of matrix proteins in 

encapsulated HLC. The mitotic role of polo-like kinase pathway was completely down 

regulated, including cyclins involved in centromere separation and cell division cycle protein 

involved in mitotic entry (Figure 5.12). IL-1 mediated inhibition of RXR function showed 

marked upregulation. The genes that were up regulated include APOE, APOC1 and SCARB1 

which are involved in cholesterol and lipid metabolism (Figure 5.13). Phase III transporters 

MRP2 and MRP3 were also activated in the pathway (Figure 5.13). Genes involved in fatty 

acid metabolism (ACOX, CPT, FABP and ACS) were also activated in the pathway (Figure 

5.13). Canonical pathways for P53 and PTEN signalling were also impacted, with genes in 

these pathways both up and down regulated in encapsulated HLC. P53 and PTEN signalling 

pathways mainly activated genes involved in apoptosis and cell cycle progression. Upstream 

analysis showed activation of TGF-β1, dexamethasone and oncostatin M, which are involved 

in hepatocyte differentiation. 

We also performed network analysis on encapsulated HLC relative to undifferentiated hAEC. 

The top network affected was cell cycle and DNA repair and replication, which showed that 

the majority of the genes were down regulated (Figure 5.14A). Key genes in the network 

(BUB1, SGOL1 and NDC80) were all down regulated. Expression of ERK remained 

unchanged, however, up regulation of MAFB, a leucine zipper transcription factor caused 

down regulation of SPOCK1, ZDHHC2 and BACH2 (Figure 5.14A). The cellular assembly 

and cell cycle networks showed equal distribution of both up and down regulated genes.  
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Figure 5.11. The Hepatic fibrosis and stellate cell activation pathway. The top canonical pathway affected in encapsulated HLC compared 
to hAEC. Genes in the hepatic fibrosis and stellate cell activation pathway showed up regulation in a family of collagen genes and down 
regulation of EGRF and matrix metalloproteins in encapsulated HLC compared to hAEC. Red indicates up regulation in encapsulated HLC 
and green indicates down regulation in encapsulated HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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Figure 5.12. The mitotic role of polo-like kinase pathway. The mitotic role of polo-like kinase pathway was affected in encapsulated HLC 
compared to hAEC. Genes in the mitotic role of polo-like kinase pathway showed major down regulation of cyclin genes in encapsulated 
HLC compared to hAEC. Red indicates up regulation in encapsulated HLC and green indicates down regulation in encapsulated HLC with P 
< 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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Figure 5.13. IL-1 mediated inhibition of RXR function. IL-1 mediated inhibition of RXR function was a major canonical pathway affected 
in encapsulated HLC compared to hAEC. Genes in IL-1 mediated inhibition of RXR function were activated which include those responsible 
for cholesterol and lipid metabolism. There was also up regulation of genes involved in fatty acid metabolism, however, there were few genes 
in the pathway that were also down regulated in encapsulated HLC compared to hAEC. Red indicates up regulation in encapsulated HLC and 
green indicates down regulation in encapsulated HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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Up regulation of WNT2, CEL, CSAD, TRIM29 and NAT9 led to down regulation of GSK3B, a 

protein kinase that phosphorylates the rate limiting enzyme of glycogen synthesis (49) 

(Figure 5.14B). There was major down regulation of the developmental disorder network. 

The key molecules in the network, ETV5, PTPase, cytokeratin, EPS15 and TEAD1 were all 

down regulated in encapsulated HLC compared to hAEC (Figure 5.15A). The DNA 

replication, recombination and repair network showed up regulation of NXF1, which 

facilitates mRNA export from the nucleus to the cytoplasm (50) showed both inhibition and 

expression of the target genes. More interestingly, though CD3 remained unchanged, most of 

the target genes were up regulated  including ZNF133, ZNF76, BTG1, NKTR, NLGN3 and 

MST1 (Figure 5.15B). 

There was a significant increase in gene expression of free radical scavenging and cell-to-cell 

signalling network. Up regulation of TRAF1, a factor that interacts with the cytoplasmic 

domain of TNF receptor-1 also up regulated its target genes (Figure 5.16A). Up regulation of 

60S ribosomal subunit resulted in up regulation of ribosomal protein RPL29, RPL38, RPL39 

and RPL27A (Figure 5.16A). MIR-210 was highly expressed in encapsulated HLC which had 

inhibitory effects on its target genes SCARA3, PTPB3 and BHLHE41 (Figure 5.16A). The 

drug metabolism network was also affected in encapsulated HLC with upregulation of 

cytochrome P450 genes CYP1B1, CYP2D6 and CYP2E1 (Figure 5.16B). ETC2, a 

transforming protein that interacts with RHO-like proteins and acts as an oncogene (51), was 

down regulated and its target genes were also down regulated (Figure 5.16B). These results 

show that not only have encapsulated hAEC differentiated into HLC, the encapsulated HLC 

have capacity to perform hepatocyte functions. 
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Figure 5.14. Top affected networks in encapsulated HLC. The top networks affected in encapsulated HLC compared to hAEC were (A) 
Cell cycle, cellular assembly and DNA repair and replication and (B) cellular assembly and cell cycle. (A) The majority of the genes in the 
cell cycle, cellular assembly and DNA repair and replication networks were down regulated in encapsulated HLC compared to hAEC. 
However, there were few genes (ACSL5 and MIR203), were highly expressed in encapsulated HLC. (B) The cellular assembly and cell cycle 
network showed similar distribution of both up regulated and down regulated genes with GSK3B being central to the network in encapsulated 
HLC compared to hAEC. Red indicates up regulation in encapsulated HLC and green indicates down regulation in encapsulated HLC with P 
< 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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Figure 5.15. The Developmental disorder and DNA replication and recombination networks in encapsulated HLC. The top networks 
affected in encapsulated HLC compared to hAEC were (A) Developmental disorder and organism injury and (B) DNA replication, 
recombination and repair. (A) The majority of the genes in the developmental disorder and organism injury network were down regulated in 
encapsulated HLC compared to hAEC. However LOX, KRT10 and a few other genes were also up regulated in encapsulated HLC. (B) The 
DNA replication , recombination and repair network showed similar distribution of both up regulated and down regulated genes with NXF1 
being central to the network in encapsulated HLC compared to hAEC. Red indicates up regulation in encapsulated HLC and green indicates 
down regulation in encapsulated HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 

A B 
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Figure 5.16. Free radical scavenging and drug metabolism networks in encapsulated HLC. The top networks affected in encapsulated 
HLC compared to hAEC were (A) Free radical scavenging and cell-to-cell signalling and (B) Drug metabolism and small molecule 
biochemistry. (A) The majority of the genes in the free radical scavenging and cell-to-cell signalling network were up regulated in 
encapsulated HLC compared to hAEC. The two major genes in the network were TRAf1 and MIR210, which were up regulated in 
encapsulated HLC compared to hAEC. (B) The drug metabolism and small molecule biochemistry network showed similar distribution of 
both up regulated and down regulated genes in encapsulated HLC compared to hAEC. Cytochrome P450 genes showed significant up 
regulation in encapsulated HLC compared to hAEC. Red indicates up regulation in encapsulated HLC and green indicates down regulation in 
encapsulated HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 

A B 
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5.3.4 The effects of 3D HLC differentiation on gene expression. 

Comparing encapsulated HLC to HLC showed the effects of differentiation in the 3D 

environment compared to 2D. There were 286 differentially regulated genes with 210 genes 

up regulated and 76 genes down regulated. Top candidate genes that were upregulated 

include ferric iron transmembrane transporter transferrin (TF) and asioglycoprotein receptor. 

ASGR1 (Table 5.3). SERPINF2, which regulates cell-cell adhesion mediated by cadherins and 

COL18A1, which is involved in cell adhesion and extracellular matrix organisation primarily 

in liver (52), were up regulated in encapsulated HLC (Table 5.3). Serine protease converter of 

hepatocyte growth factor HGFAC and FGFR4, which acts in the cascade of mitogenesis and 

differentiation, were also up regulated in encapsulated HLC compared to HLC (Table 5.3). 

Other notable genes that were up regulated include APOE, involved in catabolism of 

triglyceride-rich lipoproteins, MIR-203, which targets P63 and regulates stem cell 

maintenance and members of ATP-binding cassette (ABC).  

The top candidate genes that were down regulated include OAS1, an essential protein 

involved in the innate immune response to viral infection (53) and MX1, which participates in 

cellular antiviral response (Table 5.3). The key genes involved in interferon signalling, 

IFITM1, IFIT1, IFIT3 and IFI27, were all down regulated in encapsulated HLC but not in 

HLC (Table 5.3). MIR612, which regulates hepatocellular carcinoma proliferation, migration 

and metastasis (40), was also down regulated in encapsulated HLC. The down regulation of 

interferon genes in encapsulated HLC suggest that there is less immunogenic response from 

encapsulated HLC compared to non-encapsulated HLC. OAS3, an enzyme that inhibits 

cellular protein synthesis and viral infection resistance (53) was also down regulated in 

encapsulated HLC (Table 5.3). Other notable genes that were down regulated include STAT1 

and toll-like receptor 3 (TLR3), which recognises double stranded RNA. 
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Table 5.3. Top candidate genes differentially expressed in encapsulated HLC compared to 

HLC. Up and down regulation of genes is shown as fold change and its function. 

Genes Fold 
change 

Function 

TF 
ASGR1 
 
SERPINF2 
  
HGFAC 
 
FGFR4 
 
APOE 
 
 
ST6GAL1 
 
COL18A1 
SPOCK2 
 
FTCD 

787 
281 
 
242 
 
145 
 
100 
 
86 
 
 
84 
 
76 
76 
 
75 

Ferric iron binding; ferric iron transmembrane transporter activity 
Asialoglycoprotein receptor activity; cellular response to extracellular 
stimulus 
Regulation of cell-cell adhesion mediated by cadherin; positive regulation 
of cell differentiation; positive regulation of collagen biosynthetic process 
Acts as serine protease that converts hepatocyte growth factor to the active 
form 
Interaction with fibroblast growth factor, cascade of mitogenesis and 
differentiation 
Binds to a specific liver and peripheral cell receptor, and is essential for 
the normal catabolism of triglyceride-rich lipoprotein constituents. 
Cholesterol transport activity 
Glycosyltransferase type II membrane protein that catalyses the transfer of 
sialic acid from CMP-sialic acid to galactose-containing substrates 
Cell adhesion and extracellular matrix organization 
Extracellular matrix organization; peptide cross-linking via chondroitin 4-
sulfate glycosaminoglycan 
Cellular metabolic process; cellular nitrogen compound metabolic process 

OAS1 
 
MX1 
 
 
 
IFITM1 
IFIT1 
 
IFIT3 
MIR612 
 
OAS3 
LAMP3 
 
DDX60 
 
IFI27 

-137 
 
-97 
 
 
 
-84 
-76 
 
-63 
-49 
 
-40 
-35 
 
-34 
 
-23 

Essential proteins involved in the innate immune response to viral 
infection. The encoded protein is induced by interferons 
A guanosine triphosphate (GTP)-metabolizing protein that participates in 
the cellular antiviral response. The encoded protein is induced by type I 
and type II interferons and antagonizes the replication process of several 
different RNA and DNA viruses 
Protein binding; receptor signalling protein activity 
The encoded protein may inhibit viral replication and translational 
initiation 
Identical protein binding, protein binding, tetratricopeptide repeat 
Regulation of Hepatocellular carcinoma proliferation, migration and 
metastasis 
This enzyme family plays a significant role in the inhibition of cellular 
protein synthesis and viral infection resistance 
Cell proliferation; immune system process 
Positive regulation of MDA-5 signalling pathway; positive regulation of 
RIG-I signalling pathway; response to virus 
Activation of cysteine-type endopeptidase activity involved in apoptosis; 
apoptotic signalling pathway; cytokine-mediated signalling pathway. 
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When I performed canonical pathway analysis of encapsulated HLC with HLC, the major 

pathways affected were interferon signalling and pattern recognition. The interferon 

signalling pathway, which included major interferon genes IFI35, IFIT1, IFIT3, IFITM1 and 

IFITM3 and signal transducers and activators of transcription genes STAT1 and STAT2, were 

down regulated in encapsulated HLC (Figure 5.17). Phosphorylated STAT1 homodimers 

translocate to the nucleus to activate transcription of type II interferon signalling, whereas 

phosphorylated STAT1 and STAT2 homodimers together with interferon response factor 9 

(IRF9) activate transcription of type I interferon signalling (46) (Figure 5.17). The Pattern 

recognition pathway was also down regulated with oligoadenylate synthatase genes OAS1, 

OAS2 and OAS3 as well as TLR3 (Figure 5.18) also down regulated. In contrast, complement 

component, which signals through PI3K and the ERK1/2 pathway, were up regulated in 

encapsulated HLC compared to HLC (Figure 5.18). However, FXR/RXR pathway was 

activated with membrane transporter ABCC2, iron transporters HPX and TF showed 

significant up regulation in encapsulated HLC compared to HLC (Figure 5.19). More 

interestingly, there was increased expression of LIPC and APOE in encapsulated HLC which 

drive high-density lipoprotein (HDL) and cholesterol metabolism (Figure 5.19). There was 

increased expression of MRP2, involved in phospholipid secretion and CYP27A1, which 

catalyses the first step bile acid synthesis pathway (54) in encapsulated HLC relative to HLC 

(Figure 5.19). Acute phase response pathway was also activated with up regulation of 

complement component, MAPK and SERPIN genes (Figure 5.20). Phosphorylated STAT3 

homodimers activates SERPINA3; though SERPINA3 was up regulated in encapsulated HLC, 

levels of STAT3 remain unchanged (Figure 5.20). Upstream analysis showed up the 

regulation of mitogen-activated protein kinase MAPK1 and NKX2-3, transcription factors 

involved in cell specification and maintenance of differentiation, whereas, interferon 

associated genes were down regulated. 
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Figure 5.17. The interferon signalling pathway in encapsulated HLC. The top pathway affected in encapsulated HLC compared to hAEC 
was interferon signalling. The key regulators of the pathway, STAT1 and STAT2, were down regulated in encapsulated HLC compared to 
HLC. Phosphorylated STAT1 form homodimers and translocate to nucleus and activate type II interferon signalling (TAP1, IFIT3, IFITM1 
and IFI35) were all down regulated in encapsulated HLC compared to HLC. Target genes of type I interferon signalling (IFIT1, OAS1, 
IFITM3, MX1, IFIT3 and IFI35), which is activated by phosphorylated heterodimer of STAT1 and STAT2, were also down regulated. Red 
indicates up regulation in encapsulated HLC and green indicates down regulation in encapsulated HLC with P < 0.05 and Q < 0.05 and fold 
change ≥ 2 from n = 4. 
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Figure 5.18. The Pattern recognition pathway in encapsulated HLC. Among the top networks affected in encapsulated HLC compared to 
hAEC was pattern recognition. The majority of the genes were down regulated except for the complement LIF genes. Red indicates up 
regulation in encapsulated HLC and green indicates down regulation in encapsulated HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 
from n = 4. 
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Figure 5.19. FXR/RXR activation in encapsulated HLC. The key network affected in encapsulated HLC compared to HLC was FXR/RXR 
activation. LIPC and APOE which leads to HDL and cholesterol metabolism were highly upregulated in encapsulated HLC. Cytochrome 
enzyme CYP27A1, which is involved in bile acid synthesis, was also up regulated in encapsulated HLC compared to HLC. Red indicates up 
regulation in encapsulated HLC and green indicates down regulation in encapsulated HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 
from n = 4. 
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Figure 5.20. Acute phase response pathway in encapsulated HLC. Among the top networks affected in encapsulated HLC compared to 
HLC was acute phase response. There was major up regulation of TTR and TF, which are activated by TCF 1/2/3 in encapsulated HLC 
compared to HLC. NF-κB activates complement 3 genes, which were up regulated and STAT3 downstream targets SERPINA3, SERPINF2, 
HPX and C5 were all up regulated in encapsulated HLC. Red indicates up regulation in encapsulated HLC and green indicates down 
regulation in encapsulated HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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Network analysis showed organism injury and abnormalities as the top affected network with 

the majority of genes up regulated. Some of the genes upregulated in encapsulated HLC were 

involved in hepatocyte functions. These gene include urea cycle enzyme ASS1, epithelial 

cellular adhesion molecule EPCAM, amino acid metabolism and urea cycle enzyme GOT1 

and family members of pro-protein convertase PCSK6 and PCSK1N (Figure 5.21A). Though 

FSH remains unchanged, its target genes PCSK6, ENC1, GOT1, DHCR7, CARD10 and 

AKAP12 were highly elevated in encapsulated HLC compared to HLC (Figure 5.21A). 

EPCAM, OSGIN1 and CDC6 were up regulated; they did not regulate expression of cyclin A 

(Figure 5.21A). The inflammatory response network was significantly down regulated with 

major down regulation of interferon and oligoadenylate synthatase (OAS) genes (Figure 

5.21B). Down regulation of STAT2 remained central to the network and interferon induced 

genes were all down regulated in encapsulated HLC compared to HLC (Figure 5.21B). There 

was increased expression of genes associated with organism development network (Figure 

5.22A). In particular, cell matrix associated collagen genes were up regulated in encapsulated 

HLC. Although there was no change in TGFβ expression, LIF expression increased 

significantly (Figure 5.22A).  

The family of poly (ADP-ribose) polymerase genes were also down regulated in the cell 

signalling network (Figure 5.22B). Down regulation of STAT1 was central to the network 

which led to down regulation of interferon induced genes (Figure 5.22B). However, there was 

upregulation of the cell death and survival network in encapsulated HLC. Genes impacting 

the AKT pathway and collagen type IV were all up regulated in encapsulated HLC (Figure 

5.23A). Encapsulated HLC also showed increased gene expression of basal cell adhesion 

molecule (BCAM), complement component C5 and C8G and solute carrier SLC20A1 and 

SLC29A1 (Figure 5.23A).  
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Figure 5.21. The organism injury and inflammatory response networks in encapsulated HLC. The top networks affected in encapsulated 
HLC compared to HLC were (A) Organism injury and abnormalities and (B) Inflammatory response. (A) The majority of the genes in the 
organism injury network were up regulated in encapsulated HLC compared to HLC. The central molecules in the pathway were ERK1, FSH 
and Cyclin E remained unchanged; however, their target genes were all up regulated in encapsulated HLC compared to HLC. (B) The 
inflammatory response network showed major down regulation of genes in encapsulated HLC compared to hAEC. In particular, STAT2 was 
down regulated which led to down regulation of the target genes. Although there was no change in expression of IFN, IFN Beta and IFN type 
I, their target genes were down regulated in the network in encapsulated HLC compared to HLC. Red indicates up regulation in encapsulated 
HLC and green indicates down regulation in encapsulated HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 

A B 



147 
 

  
A B 

Figure 5.22. The organism development and cell signalling networks in encapsulated HLC. The top networks affected in encapsulated 
HLC compared to HLC were (A) Organism development / cardiovascular system and (B) Cell signalling / antimicrobial response. (A) The 
majority of the genes in the organism injury network were up regulated in encapsulated HLC compared to HLC. The Key molecules in the 
pathway (IL-1, JNK and TGF-β) remained all unchanged; their target genes were all up regulated in encapsulated HLC compared to HLC. In 
particular collagen genes (COL18A1, COL27A1 and COL9A3) were highly expressed in encapsulated HLC. (B) The cell signalling network 
showed major down regulation of genes in encapsulated HLC compared to hAEC. Down regulation of STAT1 was central to the network and 
the target genes of STAT1 were down regulated in encapsulated HLC compared to HLC. Red indicates up regulation in encapsulated HLC 
and green indicates down regulation in encapsulated HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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Figure 5.23. The cell death and survival and lipid metabolism networks in encapsulated HLC. Among the top networks affected in 
encapsulated HLC compared to HLC were (A) Cell death and survival and (B) Lipid metabolism. (A) The majority of the genes in the cell 
death and survival network were up regulated with the exception of GUCY1A2, SERPING1 and STC1 in encapsulated HLC compared to 
HLC. AKT remained central to the network and the target genes were all up regulated in encapsulated HLC compared to HLC. (B) The lipid 
metabolism network showed major up regulation of genes in encapsulated HLC compared to hAEC. APOE, TF and membrane transporters 
ABC (ABCC2, ABCC3 and ABCA7) were highly up regulated in encapsulated HLC compared to HLC. Red indicates up regulation in 
encapsulated HLC and green indicates down regulation in encapsulated HLC with P < 0.05 and Q < 0.05 and fold change ≥ 2 from n = 4. 
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The lipid metabolism network was the key network up regulated in encapsulated HLC. APOE 

was the key gene up regulated, with LDLR, LIPC and NR4A1, which are all associated with 

APOE, being up regulated in the pathway (Figure 5.23B). Cytochrome enzyme CYP3A5 and 

membrane transporters ABCC2 and ABCC3, which are involved in cholesterol breakdown, 

were also up regulated in encapsulated HLC compared to HLC (Figure 5.23B). Overall, these 

data suggest that encapsulated HLC are less immunogenic and have higher expression of 

hepatocyte specific genes. Thus encapsulation may enhance HLC function and provide a 

superior way of deriving hepatocytes. 
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5.4 Discussion 

Cell encapsulation represents a novel way of immuno-protection by creating a 3D cell culture 

system. My data show that the average size of 600 µm is the optimal size for maintaining the 

viability of encapsulated cells and allows for diffusion of oxygen and nutrients to the core of 

the capsule. Other studies using human hepatocytes (55) and islet cells (56) have reported 

similar findings. Depletion of mtDNA by 20% and 50% prior to encapsulation did not affect 

the viability of encapsulated cells up to day 28 post differentiation. Maintenance of HLC 

viability and function at more than 90% increases the therapeutic potential of the 

encapsulated cell for liver disease. 

My previous results show that mtDNA copy number does not increase when hAEC were 

induced to differentiate into HLC, which was due to DNA methylation at exon 2 of POLGA. 

Differentiation of encapsulated HLC resulted in reduced mtDNA copy number in 2wk 

encapsulated HLC and HLC. This may be due to the fact that encapsulation creates a 3D 

environment and with limited supply of nutrients and oxygen to the core of the capsule. A 

low oxygen and nutrient environment may promote differentiated HLC that rely on glycolysis 

for ATP production (38). However, low mtDNA copy number did not correlate with high 

methylation at exon 2 of POLGA. It was quite the opposite, the ratio of 5mC to 5hmC was 

lower but mtDNA copy number did not increase. Encapsulated 2wk HLC depleted of mtDNA 

(both 20 and 50% depletion) showed reduced mtDNA copy number with increased mtDNA 

copy number in HLC. These were correlated with a low DNA methylation ratio of 5mC to 

5hmC at exon 2 of POLGA. These data suggest that hAEC are not able to modulate their 

mtDNA copy number either in 2D or 3D; neither with depletion of mtDNA nor without 

depletion. In addition, there is an inherent block in replication of mtDNA, which appears to 

be independent of POLGA. 
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I explored changes in gene expression HLC by comparing them to undifferentiated hAEC. 

My results indicate significant changes in differential gene expression, particularly KDR and 

VEGF, which are known to promote proliferation and tubular morphology, suggesting 

hepatic lineage commitment (41). Up regulation of DKK1, which an inhibitor of WNT-2 

signalling suggests suppressed WNT-2 signalling. WNT/β-catenin signalling acts in a 

gradient to establish metabolic zonation in human liver that drives different functional aspects 

of portal and perivenous hepatocytes (57, 58). These findings suggest a single phenotype and 

lack of metabolic zonation in differentiated HLC. MIR-122 is the most abundant miRNA 

present in liver (59), however, we did not find any differential expression of MIR-122. In 

addition, two other miRNA, MIR3936 and MIR612, which are implicated in inhibition of 

hepatocellular carcinoma proliferation were highly expressed in HLC. The exact role of 

expression of these miRNA is not clear in differentiation, but may be advantageous for cell 

therapies. There is increased evidence for hepatic differentiation with expression of GGT5, 

compliment factor B and CYP1B1, suggesting lineage commitment. Interestingly, 

differentiated HLC expressed OASL, which activates cytokine mediated signalling (43), 

suggests HLC are more immunogenic. I previously found that differentiation of HLC 

increased T-cell response in-vitro (60). 

Cell adhesion associated genes L1CAM and PODXL were down regulated in HLC due to cell 

culture conditions and substrates. Surprisingly, LDLR and LIPG were also down regulated in 

differentiated HLC. LDLR, which is involved in endocytosis of cholesterol on the sinusoidal 

membrane of hepatocytes, may reduce hepatic functions (37). Down regulation of hepatic 

bile duct expressed SOX9 (61) and solute carrier gene SLCO2A1 suggests differentiated 

HLC are hepatocytes rather than biliary cells with reduced transport capacity. 

Down regulation of ATM signalling, which is implicated as a cell-cycle checkpoint, suggests 

exit from proliferation (62). In addition, up regulation of CDK1 and Cyclin B, inhibits G2/M 
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transition suggesting lineage commitment and differentiation. More importantly, upregulation 

of anchored membrane proteins and WNT genes complements differentiation of HLC. 

Differentiation of cells is initially driven by reorganisation of the cytoplasmic machinery to 

adapt cell functions (63). Analysis of axonal guidance pathways showed up regulation of 

KALRN and SDC2, which control cytoskeletal reorganisation indicative of HLC 

differentiation. My data show that HLC down regulate genes involved in DNA replication 

machinery, particularly ORC and CDC45, which are indicative of exit from cell cycle. 

Interestingly, differentiated HLC were more immunogenic relative to hAEC. There have been 

methods described to isolate hAEC in accordance with good manufacturing practise (GMP) 

(64), however, differentiation presents a challenge for the use of HLC in cell therapies. 

Activation of JAK1 and JAK2 leads to up regulation of STAT1; where phosphorylated 

STAT1 form homodimers to activate type II interferon signalling. Whereas phosphorylated 

heterodimers of STAT1 and STAT2 activate type I interferon signalling (46), activation of 

STAT genes leads to activation of interferon genes, resulting in an inflammatory state. 

Though JAK1 and STAT2 are required for early myogenic differentiation (65), their role in 

HLC remains undefined. In addition, there are reports of increased immunogenic responses to 

HLC (60), however, involvement of interferon signalling in HLC has not been reported. 

Networks involved in differentiated HLC indicated differential expression of genes 

associated with cellular assembly and organisation. Involvement of genes associated with 

chromosomal segregation during mitosis (AURKB and NDC80) (66), and during cell 

division (BUB1 and SGOL1) (67) suggested exit from proliferation to differentiation. In 

addition, differentiated HLC show differential expression of genes associated with DNA 

replication and repair, suggesting constant DNA turnover and repair. The proliferation 

markers BARD1 and PCNA (68, 69) were down regulated in differentiated HLC suggestive 

of reduced proliferation. Expression of genes involved in the hepatic system development 
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network suggested true differentiation of HLC. NFκB, which is central to the hepatic system 

network, can be activated by growth factors or free radical species to promote inflammatory 

events. Activation of NFκB can be attributed to a pro-inflammatory environment induced by 

interferon signalling (70). Furthermore, differentiated HLC expressed genes associated with 

lipid, vitamin and mineral metabolism indicate functional aspects of HLC. A zinc 

metalloenzymes CA12 that catalyse hydration of carbon dioxide is associated with retinal 

dehydrogenase RDH11. NADP-retinol dehydrogenase and two associated genes RDH10 and 

DHRS3, which are involved in retinoid homeostasis (71), confer functional aspects to HLC at 

a transcriptional level. 

When hAEC are encapsulated and differentiated into HLC, it had dramatic impact on gene 

expression of differentiated HLC. When we compared differentiation in encapsulated hAEC 

to naïve hAEC, I found more than 1325 differentially regulated genes. Micro RNAs are small 

noncoding RNAs that regulate post-transcriptional gene expression. Expression of MIR203 

has been shown to be expressed in differentiating cells (72). MIR203 acts in conjunction with 

MIR302; where higher levels of expression of MIR302 promote pluripotency while MIR203 

promotes differentiation (73). Higher levels of expression of MIR 203, which directly targets 

CDK6, Vimentin and SET (48) in encapsulated HLC, suggest that they have committed to 

hepatic differentiation. Encapsulation creates a 3D environment which has effects on cell 

adhesion and extracellular matrix genes COL18A1 and CD248. Cell-to-cell contact allows 

for deposition of collagen and cell-to-matrix interactions. Encapsulation and differentiation 

are enhanced by increased expression of Follistatin, which acts on the TGF-β superfamily 

that is known to inhibit adipogenesis and myogenesis while it promotes epithelial cell 

differentiation (74). A transcription factor FOXA3 is required in early embryogenesis and is 

expressed in liver primordium and in adult liver (75) and plays a crucial role in regeneration 
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of liver in FAH knockout mice (76). Higher expression of FOXA3 in encapsulated HLC 

suggests differentiation of HLC. 

Unlike HLC differentiated in normal 2D culture, differentiation of encapsulated HLC creates 

an anti-inflammatory environment. Down regulation of TNFSF15, a tumour necrosis factor 

super family member, mediates activation of NFκB, which suggests that encapsulated HLC 

down regulated inflammatory responses associated with NFκB signalling. However, there 

were changes in expression of membrane proteins and components of tight junction Claudin 

11 (CLDN11) and cell adhesion molecule PODXL, suggesting changes in cell-to-cell and 

cell-to-matrix interactions. CLDN11 has been associated with tumour metastasis and cell 

migration (77), though its down regulation in encapsulated HLC suggests otherwise. 

Moreover, reduction in lipid metabolism gene LIPG can be attributed to reduced lipoprotein 

metabolism in HLC while SEMA3D, which encodes semaphoring proteins, primarily 

functions as an axonal guide. These data suggest that encapsulated HLC have down regulated 

neuronal associated genes. Surprisingly, we observed down regulation of Integrin-β4 and 

Inhibin-βA in encapsulated HLC, suggesting a dynamic micro-environment within the 

capsule in regards to cell-to-cell and cell-to-matrix interactions. 

Pathway analysis of encapsulated HLC compared to naïve hAEC suggests strong 

involvement of stellate cell activation. Large number of collagen genes, which are associated 

with extracellular matrix, and vascular endothelial growth factor were up regulated in 

encapsulated HLC. Increased deposition of collagen as extracellular matrix in 3D has been 

observed in cancer cells (78) and is known to promote functional aspects of hepatocytes. 

Moreover, VEGF acts via VEGF receptor to promote proliferation of encapsulated HLC. 

Increased collagen synthesis was complemented with reduced expression of MMP and 

TIMPS, which breakdown extracellular matrix. These findings suggest increased deposition 

of extracellular matrix and inhibition of their degradation. We observed down regulation of 
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Cyclins involved in centromere separation suggesting minimal proliferation of HLC in 

capsules. Interestingly, encapsulated HLC showed IL-1 mediated activation of RXR, which is 

known to maintain glucose and lipid homeostasis. Genes associated with lipid metabolism 

(APOE, APOC1 and SCARB1) and phase III transporters (MRP2 and MRP3) that facilitate 

xenobiotics and cytotoxin transport on the apical membrane (37) showed increased 

expression. Up regulation of lipid and xenobiotic metabolism suggests functional activity of 

the encapsulated HLC. Moreover, fatty acid metabolism associated genes were also highly 

elevated in encapsulated HLC, suggesting increased ATP production. I also observed 

activation of PTEN and P53 pathways, which are involved in cancer; however we did not 

observe any tumour forming capacity of hAEC. 

My analysis of the networks affected in encapsulated HLC compared to naïve hAEC were 

DNA repair and replication, cellular assembly, free radical scavenging and drug metabolism. 

Encapsulated HLC showed up regulation of WNT2 that acts and down regulates GSK3B, a 

protein kinase that phosphorylates the rate limiting enzyme of glycogen synthesis (49). 

WNT2 signalling is also crucial during development for specification of hepatic progenitor 

cells (79). Interestingly, there was increased expression of zinc finger proteins ZNF133 and 

ZNF76, macrophage stimulating 1 (MST1) and natural killer cell triggering receptor, whilst 

there was no change in expression of its effector gene CD3. This suggested activation of 

immune cell associated genes, albeit their expression was low. 

Encapsulated HLC showed increased capacity for free radical scavenging and cell-to-cell 

signalling. TNF receptor-associated factor 1 (TRAF1) showed activation of genes in the 

network. MIR210 is highly activated in the presence of hypoxia inducible factor 1-alpha 

(HIF1α) (80) indicative of the capsule micro-environment led to suppression of MIR210 

targets PTPB3 and BHLHE41. Encapsulation of HLC enhanced drug metabolism functions 

by increased expression of cytochrome enzyme CYP1B1, CYP2D6 and CYP2E1. Alpha 
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actin, catenin and cadherins, cytoskeletal and extracellular genes, are involved in drug 

metabolism networks; though their expression was not differentially regulated. Increased 

expression of cytochrome enzymes not only confers enhanced drug metabolism function of 

the encapsulated HLC but also represent a tool for in vitro drug screening assays. My data 

suggest that encapsulation of HLC achieves better hepatocyte differentiation with increased 

function and immune tolerance. 

The effects of 3D HLC differentiation on gene expression 

Comparing 3D encapsulated HLC against non-encapsulated HLC revealed a large number of 

genes upregulated in 3D encapsulated HLC. Iron is transported to dividing cells by serum 

protein transferrin (TF) (81), which showed highest upregulation in encapsulated HLC. Low 

oxygen concentration within the capsule increases hepatocyte iron uptake and also increases 

intracellular NADH and ROS activity (82). I observed increases in SERPINF2, a plasmin 

inhibitor that regulates cell-to-cell adhesion via cadherins and COL18A1, involved in cell 

adhesion and extracellular matrix reorganisation in the liver (52). Growth factor activator 

HGFAC and FGFR4 that act in a cascade to promote differentiation were also upregulated in 

encapsulated HLC. These allow for activation of HGF and FGF signalling to initiate 

differentiation. MIR203 was highly expressed while we did not detect differential expression 

of MIR302. MIR 203 acts to promote differentiation and activates ATP-binding cassette 

genes whereas MIR302 promotes pluripotency (73). Functional aspects of cholesterol 

metabolism were observed via increased expression of APOE, and catabolism of triglyceride-

rich lipoproteins in encapsulated HLC. 

In contrast, there was significant down regulation of OAS1, a gene associated with innate 

immune response to viral infection (53) and MX1, which participates in cellular antiviral 

response. Additionally, interferon signalling genes were down regulated in encapsulated HLC 
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suggesting inhibition of inflammatory response. STAT1, which acts upstream in conjunction 

with STAT2 to activate type I and II interferon signalling was also down regulated. Inhibition 

of inflammatory genes may play a pivotal role in use of encapsulated HLC to suppress the 

inflammatory micro-environment at a transplant site. Moreover, encapsulated HLC down 

regulated MIR612, which has been suggested to play a role in suppressing stemness in HCC 

and impede tumorigenesis (83). These findings suggest that MIR612 promotes differentiation 

and inhibits pluripotency. 

Analysis of canonical pathways showed major down regulation of interferon signalling. 

Interferon gamma signalling activates phosphorylated homodimers of STAT1, which results 

in activation of inflammatory genes (84). However, interferon alpha / beta signalling activates 

phosphorylated heterodimers of STAT1 and STAT2 to activate inflammatory genes in 

conjunction with interferon regulatory factor 9 (85). Nevertheless, STAT1, STAT2 and their 

target genes were all down regulated in encapsulated HLC, indicative of inhibition of 

inflammatory pathways.  In contrast, signalling in the complement component via PI3K and 

ERK 1/2 pathway were up regulated in encapsulated HLC. Activation of PI3K and ERK 

signalling is associated with a hypoxic environment (86) as well as invasion and migration of 

HCC (87) implicating the miro-environment of encapsulated HLC as initiators of the 

signalling pathway. 

Functional aspects of encapsulated HLC were enhanced through activation of the FXR/RXR 

pathway. The FXR pathway is implicated in various metabolic pathways, along with RXR, it 

regulates glucose, lipid and lipoprotein metabolism (88). FXR/RXR also activate downstream 

target genes ABCA2, iron transporter HPX and TF. It also activates the drug metabolism 

enzyme CYP27A1, the cytochrome enzyme that catalyses the first step in bile acid synthesis 

(54) and lipoprotein metabolism associated genes APOE, LIPC and LDLR, which showed 

upregulation in encapsulated HLC. Encapsulated HLC showed increased expression of 
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MAPK1 and NKX2-3, which are involved in cell specification and differentiation. Pathway 

analysis of encapsulated HLC suggest that they are metabolically functional and anti-

inflammatory. 

Network analysis of encapsulated HLC showed increased capacity for urea metabolism. In 

particular, ASS1, catalyses the penultimate step of arginine biosynthesis in the urea cycle 

(89), the urea cycle enzyme GOT1 and Protein convertase PCSK6 and PCSK1N. Increased 

expression of urea cycle genes can be attributed to increased expression of the cell adhesion 

molecule EPCAM, which is known to affect hepatocyte polarisation thus resulting in 

increased functional output (90). Besides the expression of OSGIN1 and CDC6, which are 

implicated in oxidative stress induced growth inhibition and DNA replication, they did not 

affect expression of Cyclin A. Encapsulated HLC exhibited an anti-inflammatory profile by 

down regulating interferon inducible genes as well as STAT1, suggesting down regulation of 

its target genes. Due to a low oxygen and nutrient environment within the core of the capsule, 

cell death may result as a consequence. Encapsulated HLC showed up regulation of genes in 

cell death and survival, particularly ST6GAL1 and GDF15. However, genes involved in AKT 

signalling and type IV collagen were upregulated suggesting increased glycogen synthesis by 

blocking GSK3 and deposition of the extracellular matrix in encapsulated HLC (91). 

Solute carriers are responsible for transport across the hepatocyte cell membranes. 

Encapsulating HLC increases cell-to-cell interaction by increasing BCAM and increased 

expression of solute carrier SLC20A1 and SLC29A1, which are phosphate and nucleoside 

transporters (92, 93). Complement proteins are synthesised in the liver and participate in 

innate immune responses (94-97) which were also highly expressed in encapsulated HLC 

indicating increased functional capacity. Lipid metabolism, bile acid synthesis and the 

cholesterol metabolism super-pathway are a key functional aspect of hepatocytes and plays a 

vital role in lipid homeostasis. Encapsulated HLC showed increased expression of LDLR, 
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LIPC and NR4A1 which are associated with APOE were all up regulated. The CYP3A 

family of cytochromes are most versatile biotransformation enzymes that catalyse a third of 

top 200 prescribed drugs (98). Encapsulated HLC showed increased expression of CYP3A5 

and we have previously shown increased expression of CYP3A4 in encapsulated HLC. There 

was a concurrent increase in expression of ABCC2 (MRP2) and ABCC3 (MRP3), which are 

expressed on the apical cell membrane of hepatocytes, with increased expression of the 

CYP3A family in encapsulated HLC. ABCC2 and ABCC3 are responsible for export of 

potentially toxic exogenous and endogenous substrates (99). These data suggest that increases 

in expression of the drug metabolism enzyme is followed by an increase in membrane 

transporters responsible for elimination of breakdown products. 

Encapsulation of HLC not only provides an alternative for cell transplantation but also 

creates an efficient 3D culture system for derivation of functional hepatocytes. Encapsulation 

creates a micro-environment with increased cell-to-cell and cell-to-matrix interaction that 

allows the native in vivo conditions to be mimicked. Encapsulated HLC are more versatile 

with increased lipid and drug metabolism capacity with suppressed immune response. 
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6.1 Summary 

Using stem cells for differentiation of hepatocyte-like cells may overcome the shortage 

resulting from the lack of available human hepatocytes and livers for transplantation 

purposes. My findings show that functional hepatocyte-like cells can be derived from human 

amniotic epithelial cells. Using hAEC has key advantages of accessing a readily available 

source of stem cells which is ethically accepted. HAEC are derived from the embryonic 

epiblast and possess anti-inflammatory (1-5) and the immuno-modulatory properties (6-8). In 

addition, hAEC express some of the pluripotency markers (9-11) as well as some hepatic 

progenitor (7, 12, 13) and mature markers (7, 10, 11, 14, 15). Differentiation of hAEC using 

growth factors induces expression of a key hepatic transcription factor HNF4α; whilst serum 

protein albumin continued to be expressed; and there was increased glycogen storage.  

HLC differentiation increased gene expression of drug / membrane transporter ABCA2, 

cholesterol metabolism cytochrome CYP7A1 (16) and bile acid transporter ABCB11 (17), 

suggesting an active cholesterol metabolism / bile acid synthesis pathway in differentiated 

HLC. Moreover, HLC expressed low density lipoprotein (LDL) receptor and showed uptake 

and accumulation of LDL in the cytoplasm. HLC showed remarkable functional capacity for 

drug metabolism through expression of CYP3A4 and functional CYP3A4 activity. I also 

observed increased urea synthesis and increased expression of genes in the urea cycle. 

Furthermore, HLC showed the capacity to uptake and efflux indocyanine green (ICG), a dye 

used to evaluate hepatic function (18). HLC also had high levels of total and oxidised 

glutathione that are responsible for eliminating reactive oxygen species (ROS) (19). 

Encapsulated HLC maintain their viability and expression of transcription factor HNF4α; 

serum protein albumin and increased glycogen storage. Encapsulation of HLC creates a 3D 

environment which enhances functional aspects of hepatocytes. Encapsulated HLC showed 
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uptake of LDL and ICG with increases in oxidised glutathiones. These finding suggest 

increased functional output of hepatocytes and effective elimination of ROS via oxidation of 

glutathiones suggesting increased ROS generation due to increased function. Moreover, 

increased gene expression of CYP3A4 and functional CYP3A4 activity were observed in 

encapsulated HLC. The increased expression of CYP3A4 was due to increased expression of 

HNF4α which binds to the promoter and drives expression of CYP3A4 (20). Additionally, 

there was increased gene expression of the urea cycle enzyme CPS1 as well as increased urea 

production in encapsulated HLC. However, the functional aspects of differentiated HLC were 

reduced compared to the hepatocellular carcinoma cell line HepG2. Summary of the findings 

is illustrated in figure 6.1. 

During differentiation, there is increased demand for cellular energy for functional output and 

to attain polarization (21). Mitochondrial DNA (mtDNA) copy number is synchronously 

increased during differentiation, which in turn is regulated by DNA methylation at exon 2 of 

POLGA (22, 23). During HLC differentiation, mtDNA copy number did not increase and 

DNA methylation at exon 2 of POLGA remained high (Summary Fig 6.1). Though there was 

gene expression of hepatocyte markers, pluripotency markers also continued to be expressed 

alongside. DNA methylation can be modulated by 5-azacytidine (5aza) treatment of cells. 

Treatment with 5aza during HLC differentiation increased mtDNA copy number and reduced 

DNA methylation at exon 2 of POLGA. However, 5aza treatment during HLC differentiation 

also resulted in aberrant expression of hepatocyte genes and increased gene expression of 

pluripotency markers. 

Depletion of mtDNA re-establishes the pluripotent state with increased expression of 

pluripotency genes that allows cells to fully progress through differentiation. Depletion of 

mtDNA in hAEC for 3 and 7 days significantly reduced mtDNA copy number and reduced 

DNA methylation at exon 2 of POLGA. However, when depleted hAEC were allowed to 
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differentiate after mtDNA depletion, mtDNA copy number did not increase and this was 

marked by increased DNA methylation at exon 2 of POLGA. Increased hepatic gene 

expression was observed after 7 days of differentiation. Pluripotency genes continued to be 

expressed in differentiated HLC which were mtDNA depleted and peaked at 14 days of 

differentiation. Oncogene cMYC and proliferation marker hTERT were also highly expressed 

in hAEC and mtDNA depleted hAEC. I evaluated the tumorigenic capacity of mtDNA 

depleted hAEC because of high expression of cMYC and hTERT. However, I found that both 

mtDNA depleted hAEC and non-depleted hAEC did not form tumours. 

Since hAEC are unable to modulate their mtDNA copy number during HLC differentiation, I 

sought to create a 3D culture environment by encapsulation. Encapsulation and 

differentiation of HLC did not increase mtDNA copy number beyond their original mtDNA 

copy number levels. However, DNA methylation at exon 2 of POLGA was significantly 

reduced in encapsulated HLC. As hAEC are unable to modulate mtDNA copy number but 

have low DNA methylation in encapsulated HLC, I performed transcriptome analysis of 

hAEC, HLC and encapsulated HLC through RNAseq. Comparing differentiated HLC to 

naïve hAEC showed that HLC expressed hepatocyte specific genes as well as pro-

inflammatory genes. HLC showed significant levels of expression of STAT1 and STAT2, 

which activate type I and II interferon signalling. In addition, gene regulating proliferation 

and cell cycle control were also affected. The top pathways affected were ATM signalling, 

cell cycle control and interferon signalling. The top networks affected were cell cycle and 

cellular assembly, DNA replication and repair, developmental disorders, hepatic system 

development and lipid, vitamin and mineral metabolism. The implications of the involvement 

of these pathways and networks not only demonstrate differentiation but the immunogenic 

profile of HLC (Summary Fig 6.1). 
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To assess if HLC differentiation is better achieved in encapsulated HLC, I compared 

encapsulated HLC with naïve hAEC. There were 1325 differentially regulated genes with 

705 genes up regulated and 620 genes down regulated. Encapsulated HLC showed up 

regulation of genes involved with micro RNA, cell adhesion molecules, extracellular matrix 

and liver specific transcription factors. These that were down regulated include pro-

inflammatory transcription factor NFκB, TNFα and cell adhesion molecules. The top 

canonical pathways affected were stellate cell activation, which showed significant increases 

in collagen genes, matrix metalloproteinase and tissue inhibitors of matrix metalloproteinase. 

Other pathways affected include the mitotic role of polo-like kinase, IL-1 mediated inhibition 

of RXR, P53 and PTEN pathways. The top networks affected were the cell cycle and DNA 

repair network, cellular assembly and cell cycle network, free radical scavenging and cell-to-

cell signalling network. 

Evaluation of encapsulated HLC against HLC revealed 286 differentially regulated genes 

with 210 genes up regulated and 76 genes down regulated. Highly up regulated genes were 

associated with cell adhesion, extracellular matrix reorganisation and cholesterol metabolism. 

These that were down regulated were primarily pro-inflammatory associated genes including 

interferon inducible genes, STAT transcription factors and OAS. The top canonical pathway 

affected was interferon signalling, which was down regulated. However, the PI3K and 

ERK1/2 pathway and FXR/RXR pathway were highly activated and play important roles in 

functional aspects of hepatocytes. The top networks affected were the organism injury, the 

inflammatory response network, and the cell signalling and lipid metabolism networks. 

Overall, my findings show that functional HLC can be derived from hAEC, however, they 

also become more immunogenic. In contrast, they are unable to modulate their mtDNA copy 

number due to increased DNA methylation at exon 2 of POLGA. MtDNA copy number can 

partially be modulated with 5aza treatment but not with depletion of mtDNA copy number, as 
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has been shown for tumour cells. Nevertheless, partial depletion normally promotes 

synchrony between the nuclear and mitochondrial genomes (24). The pro-inflammatory state 

can be overcome by encapsulation of HLC; which suppresses pro-inflammatory response and 

enhances hepatic differentiation and function. 
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Figure 6.1. Summary of HLC differentiation compared to encapsulated HLC. Naïve hAEC express some hepatic markers such as Albumin, 
Glycogen storage, GATA4, FOXA2 and have an anti-inflammatory profile. When hAEC are differentiated into HLC, they express hepatic 
transcription factor HNF4α, have drug metabolism capacity and uptake LDL. However they fail to regulate their mtDNA copy number, increase 
DNA methylation of POLGA at exon 2 and become more immunogenic. On the other hand, encapsulated HLC have enhanced expression of 
Albumin, glycogen storage, HNF4α, CYP3A4, LDL uptake and increased drug metabolism capacity. They also fail to regulate their mtDNA 
copy number but have low DNA methylation at exon 2 of POLGA and down regulate inflammatory genes.  
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6.2 Implications 

My study demonstrates that functional HLC can be derived from differentiation of hAEC. 

Differentiated HLC have characteristics of human hepatocytes at gene expression and partial 

metabolic function levels. HLC can be used as cell therapy in lieu of human hepatocytes for 

both chronic and metabolic liver diseases. There are various studies that have evaluated the 

use of hAEC for liver regeneration in disease models (14, 25, 26), however, use of 

differentiated HLC as cell therapy has been limited. My findings show that differentiation of 

HLC creates an inflammatory environment which may not be permissive for use of HLC as 

they would elicit an immune response. This has been a key challenge in using HLC in cell 

therapies; thus hAEC have been favoured instead of HLC. Encapsulated HLC are far more 

functionally adept and their gene expression profile similar to hepatocytes relative to non-

encapsulated HLC. 

Encapsulation of HLC creates a 3D environment that enhances gene expression and 

metabolic functions. Encapsulated HLC could be used for drug screening assays in-vitro, 

which could be used in high throughput drug discovery and toxicity assays (27). This would 

make it cost effective and speed up new drug discoveries. Encapsulation of HLC also creates 

an immunological barrier that prevents the host immune system from attacking the HLC. 

Thus, encapsulated HLC could be used as cell therapy for acute and chronic liver diseases 

where they would perform some hepatic functions. Encapsulated HLC can be transplanted 

into the extra peritoneal cavity which is well vascularised to nourish encapsulated HLC with 

oxygen and nutrients. The drugs and toxins are able to enter the capsule and metabolic waste 

can be excreted from the pores of the capsules. Using encapsulated HLC for cell 

transplantation is a realistic approach for patients that need liver support. The encapsulated 

HLC can be injected into the body using a 14 gauge catheter. In a pilot study, encapsulated 

HLC could be transplanted into the peritoneal cavity of mice and survive for up to 10 days. 
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Transplantation of encapsulated islet cells has been trialled in humans as a way of immune 

protection from the host immune system (28). 

Differentiated HLC are unable to modulate their mtDNA copy number due to high DNA 

methylation at exon 2 of POLGA. Besides expressing high levels of genes associated with 

pluripotency and oncogenicity, hAEC did not form tumours. This may be advantageous from 

a clinical perspective, that transplantation of these cells does not risk induction of tumours. 

Analysis of RNAseq data provides a gene signature of differentiated HLC and shows how 

closely aligned they are to hepatocytes. In addition, network and pathways analysis of 

encapsulated HLC shows significant improvement in metabolic function and the gene 

expression. RNAseq data provides the blue print for comparison of different cell types into 

the hepatic lineage and provides a direct comparisons tool. My studies lay the foundations for 

use of HLC for both the basic understanding of cell fate and lineage commitment as well as 

their use in the clinical setting.  
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6.3 Future Perspectives 

I evaluated functional characteristics of HLC and showed they could breakdown cholesterol, 

bile acid synthesis, drug metabolism and urea synthesis. However, when I compared 

functional aspects of HLC to the hepatocellular carcinoma cell line HepG2, the functional 

output was significantly lower. Functional aspects of HLC need to be compared to human 

hepatocytes for their true indication of functional output. The metabolic functional capacity 

of hAEC derived HLC does not quite reach those observed in human hepatocytes as 

previously reported. Evaluation of the drug metabolism capacity could also be expanded 

further than CYP3A4. A better guide might be to compare metabolic functions and gene 

expression levels to human hepatocytes. This may give a true indication of their capacity to 

perform hepatic functions and their suitability for use in cell transplantation. 

Alternate ways need to be explored to modulate mtDNA copy number in differentiated HLC. 

Increased mtDNA copy number is critical to ATP generation and has an eventual significant 

impact on metabolic function and cell polarity. If mtDNA can be modulated in HLC, this 

may result in increased function and hepatic gene expression. Modulation of mtDNA is 

critical in differentiation of any cell type to reach maximum capacity for energy generation. If 

mtDNA copy number can be reached at levels observed in vivo, that would result in efficient 

cell function. Use of 5-aza as a demethylation agent causes genome wide demethylation. 

Though 5-aza targets and demethylates CpG islands (29), Vitamin C targets CpG shores (30); 

however, there are no compounds available to target specific genes. Demethylation of 

specific gene regions (POLGA) may prove to be the key turning point for modulation of 

mtDNA copy number. 

Encapsulation is a novel way of immune protection for the transplanted cells from the host 

immune system. Barium alginate encapsulation is widely used; however, the capsule material 
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produces a foreign body response that results in over growth of host cells around the capsule. 

The result is lack of nutrients and oxygen to the cells within the capsule resulting in cell 

death. The foreign body response can be significantly reduced by using a purer grade of 

alginate (31). Addition of other materials can also be trialled to evaluate if that results in 

reduced foreign body response. More recently, addition of growth factors and cell surface 

molecules onto biomaterial scaffolds has been achieved (32). Addition of growth factors such 

as HGF to the capsules may enhance their HLC differentiation potential and improve 

functional parameters. 

In vitro cell culture often tries to mimic in vivo conditions to derive functional cells. Due to 

the complexity of the liver, there are various other supporting cell types besides hepatocytes. 

The critical supporting cell types are Kupffer cells, endothelial cells and stellate cells. These 

cells secrete factors and extracellular matrix that provide appropriate signalling for 

hepatocyte functions. Recent studies demonstrated enhanced HLC differentiation and hepatic 

function of embryonic stem cells when co-cultured with endothelial / stellate cells (33, 34). 

Co-culture and differentiation of HLC with supporting cells in different combinations and 

ratios may enhance their metabolic functions. Encapsulation of stellate cells with HLC may 

also increase deposition of the extracellular matrix, which is known to enhance hepatic 

functions. 

My study demonstrates that functional HLC can be derived from hAEC, however, they fail to 

regulate their mtDNA copy number and become immunogenic. HLC can be encapsulated and 

exhibit enhanced functional characteristics and less immunogenic gene signature. Thus, HLC 

differentiation can be enhanced with encapsulation, which also provides immuno-isolation.  
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