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Abstract 

Early hepatic specification and organogenesis can be modelled in vitro using 

human induced pluripotent stem cells (hiPSCs). These models apply 

differentiation protocols to direct hiPSCs through all the key developmental 

stages to accurately reflect in vivo development. Bone morphogenetic protein 

(BMP) and fibroblast growth factor (FGF) signalling are crucial for the 

specification of hepatic progenitors during early liver development. While the 

signalling cascades of these two morphogens are well characterized, the 

mechanisms by which they promote hepatic cell fate choice and hepatic gene 

expression in anterior foregut endoderm (FE) cells is not very well understood. 

In this project, we characterize hiPSCs-based model of early liver development 

and apply it to understand the role of BMP signalling in hepatic specification. 

We confirm that BMP4 signalling is also necessary for liver progenitor cells 

(LPCs) specification from FE during hiPSCs differentiation. Using RNA sequencing 

(RNA seq.) we examine transcriptome changes induced by BMP4 during the 

transition from FE to LPC stage. Overrepresentation analysis (ORA) and gene set 

enrichment analysis (GSEA) analysis revealed early activation of hepatocyte-

specific functions such as lipid and protein homeostasis, haem metabolism or 

coagulation, while at the same time, cell adhesion and locomotion related genes 

are downregulated indicating preparation for cell migration out of the forming 

liver bud. We also notice upregulation of all four FGF receptors upon BMP 

signalling indicating at possible cross talk between the two pathways. The RNA 

seq. also detected a number of BMP4 upregulated transcription factors (TFs), 

several of these TFs are known for their roles in multiple developmental 

processes. Among them TBX3, previously reported to have a role in hepatic 

specification in mice, and two other TBX family members: TBX2 and TBX20. As a 

preliminary screen, we used a published, optimized protocol for creating 

inducible knockdown hiPSC lines to assess the importance of TBX and other TFs 

for the process of LPC specification. Double knockdown of TBX3 and TBX20 TFs 

significantly disrupted the hepatic induction process as shown by decreased 

expression of early hepatic genes such as TTR, AFP, AAT and ALB. Further studies 
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are necessary to confirm and further characterize the role of TBX TFs for hepatic 

specification. 

Our study demonstrates that application of hiPSCs derived models for the study 

of development can aid the understanding of molecular mechanisms driving 

early liver specification and improve our understanding of human embryology 

and organogenesis. This knowledge can also be used to created more efficient 

differentiation platforms that can yield more mature, functional and clinically 

relevant populations of hiPSC-derived hepatocytes. 
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MSC multiple cloning site 

MSX1 msh homeobox 1 

MSX2 msh homeobox 2 

NEAA non-essential amino acids 

NES normalized enrichment score 

NFW nuclease free water 

NHEJ non homologous end joining 

NKD1 Naked cuticle 1 

NKD1 Naked cuticle 1 

NKX2-1 NK2 homeobox 1 

https://en.wikipedia.org/wiki/Broth
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NOG Noggin 

OC2 one cut homeobox 2 

OCT4/POU5F1 octamer-binding transcription factor 4)/POU domain, class 

5, transcription factor 1 

OEP overexpression plasmid 

ORA overrepresentation analysis 

PAM  protospacer adjacent motif 

PBS phosphate buffered saline 

PCA  principal component analysis 

PCGs protein coding genes 

PCR  polymerase chain reaction 

PDX1 pancreatic and duodenal homeobox 1 

Pen/Strep penicillin/streptomycin 

PHH primary human hepatocytes 

PI propidium iodide 

PPC pancreatic progenitor cell 

Prox1 Prospero Homeobox 1 

PSC  pluripotent stem cells 

puro puromycin 

qPCR quantitative PCR 

QQ quantile-quantile (plot) 

RA retinoic acid 

RGM repulsive guidance molecules 

RHA right homology arm 

RIN RNA integrity value 

RNA ribonucleic acid 

RNAi RNA interference 

ROCKi rho-associated protein kinase inhibitor  

R-PAT M REBLPAT monoclonal hiPSCs cell line 

RPMI Roswell Park Memorial Institute Medium 

rRNA ribosomal RNA 
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RT room temperature 

rt-PCR reverse transcriptase PCR 

rtRA reverse tetracycline-controlled transactivator 

RVD repeat variable diresidues 

SB SB431542 

SCR scramble 

SD standard deviation 

sgRNA single guide RNA 

shRNA short hairpin RNA 

siRNA short interfering RNA 

SLUG aka SNAI2 (Snail Family Transcriptional Repressor 2) 

SM small molecule 

SNP  single nucleotide polymorphism 

SOC super optimal broth with catabolite repression  

SOX17 SRY-Box transcription factor 17 

SOX2 SRY-Box transcription factor 2 

SS single strand 

SSB single strand break 

SSEA-4 stage-specific embryonic antigen 4 

STM septum transversum mesenchyme 

TAK1 mitogen-activated protein kinase kinase kinase 7 

TALEN transcription activator-like effector nucleases  

TBX2 T-box transcription factor 2  

TBX20 T-box transcription factor 20 

TBX3 T-box transcription factor 3 

TET tetracycline 

tetO tet operon 

TetR tetracycline repressor 

TF  transcription factor 

TGF-b transforming growth factor beta 

TRA-1 podocalyxin  
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TRE TET responsive element 

TTR transthyretin 

TWIST twist family BHLH transcription factor 1 

VFE ventral foregut endoderm 

VLDL very low density lipoprotein 

WT wild type 

XIAP X-linked inhibitor of apoptosis 

ZFN zinc finger nuclease 
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Chapter 1. Introduction 

1.1. The liver 

The liver is the second largest organ of the human body and its largest gland. It 

performs over five hundred functions including metabolism of carbohydrates, 

lipids and protein, as wells as storage of glycogen, triglycerides, vitamins (A, D, 

E, K and B12) and minerals (iron and copper). It produces bile salts, which assist 

in the process of lipid absorption form the small intestine, proteins (e.g.: clotting 

factors, albumin, beta globulins) and excretes bilirubin, a metabolite of the 

haem group. It processes drugs and toxins, participates in the metabolism of 

vitamin D and urea (Tortora, 2011, Si-Tayeb et al., 2010a). 

1.1.1. The gross anatomy 

Most of the liver is located in the right upper quadrant of the abdomen, with 

part of it extending into the left upper quadrant. It is grossly divided into two 

main lobes separated by the falciform ligament: larger right lobe and smaller left 

lobe. The right lobe appears to be further divided into the quadrate and caudate 

lobes, but each lobe is functionally different. The gallbladder is a pear-shaped 

organ located between the right lobe and the quadrate lobe. The oxygenated 

blood is delivered to the liver by the hepatic artery. The liver also receives blood 

from the gastrointestinal tract via the hepatic portal vein. This blood is rich in 

nutrients from the gastrointestinal tract. It can also potentially contain drugs, 

toxins and microbes ingested with the food. Deoxygenated blood with 

substances processed by the liver or nutrients needed in other cells is collected 

via the central vein into the hepatic vein and transported to the heart (Drake, 

2010). 

The basic structural unit of the liver is the liver lobule (Figure 1-1). It is hexagonal 

in shape, with central vein in its middle and portal triad at each corner. The 

portal triad is made of hepatic artery, portal vein and bile duct. Hepatocytes 

radiate from the central vein arranged in one to two-cell thick plates interspaced 

with hepatic sinusoids: fenestrated, thin-walled spaces consisting of endothelial 

cells interspaced with Kupffer cells. Hepatic sinusoids receive a mix of 
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oxygenated blood delivered by arterioles of the hepatic artery and nutrient-rich 

blood delivered by branches of the portal vein. As the blood moves from the 

portal triad towards the central vein, there is an exchange of oxygen, nutrients, 

excreted factors and waste products, with the hepatocytes on their basolateral 

surface. Liver-produced proteins, hormones or nutrients can then be distributed 

around the body. Bile is secreted via the apical surface of hepatocytes into the 

bile canaliculi and carried to bile ducts within the portal triad. The blood and the 

bile flow in the opposite directions within the hepatic lobule (Gordillo et al., 

2015, Ovalle, 2021) 

1.1.2. Cellular composition 

The hepatocyte is the most dominant cell type of the liver (~78% of cell 

population) and is responsible for performing the overwhelming majority of liver 

functions mentioned earlier. The next most abundant cell type in the liver are 

cholangiocytes, around 3% of the liver cell population. Cholangiocytes form the 

walls of bile ducts and control the flow of the bile and its pH. They secrete water 

and bicarbonate. Hepatocytes and cholangiocytes derive from a common 

precursor cell, hepatoblast, in the early liver development. Endothelial cells 

form the arteries, veins, arterioles and venuoles of the liver and help to control 

the blood flow within the organ. There are also endothelial cells within the liver 

sinusoids: liver sinusoidal endothelial cells (LSEC). These are highly specialised 

cells that allow the transfer of molecules between the serum and hepatocytes. 

LSECs also secrete cytokines, participate in blood clotting and antigen 

presentation. Kupffer cells are liver resident macrophages that are located 

within the liver sinusoids. These cells are the first line of defence against any 

bacteria or bacterial endotoxins that can be transported from the GI tract via 

the portal vein. They are part of the innate immune system response and can 

neutralise particles by phagocytosis or pinocytosis.  
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They can also secrete pro-inflammatory or anti-inflammatory cytokines and 

proteinases as a defence mechanism. Pit cells are another part of the innate 

immune system resident in the liver. These are natural killer cells that respond 

to intracellular pathogens and tumour formation and have cytotoxic properties. 

Hepatic stellate cells reside around the liver sinusoids and help in the 

maintenance of the extracellular matrix (ECM). They store vitamin A and its 

related forms, control muscular tone and contribute towards the regenerative 

response to tissue injury (Si-Tayeb et al., 2010a, Gordillo et al., 2015). 

 

Figure 1-1 Structure of the hepatic lobule and hepatic sinusoid.  
 Image created using Biorender templates. 
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The intricate structure of the liver is essential for the performance of the 

multitude of its functions. The liver is exposed to many factors that can damage 

its tissue (e.g.: toxins, infectious agents). Despite liver’s substantial regenerative 

abilities this can lead to chronic or acute liver failure.    

1.1.3. Liver disease and available therapies 

Diseases affecting the liver are a major burden on the health of the human 

population. Worldwide, around 2 million people die each year of liver diseases 

caused by abuse of alcohol or drugs, obesity and viral hepatitis (Asrani et al., 

2019). In England alone, in 2020 10 127 people died prematurely due to liver 

disease (GOV.UK, 2021). Currently, the primary treatment for liver failure is 

transplantation. However, the need for organs far exceeds the available 

donated organs. Introduction of split liver transplants and partial organ 

transplants increased the number of the procedures. However, the need still far 

outnumbers the supply. Additionally, the incidence of liver disease is on the rise. 

In England, in the last ten years the number of patients admitted to hospital with 

alcohol-related liver disease increased two fold (GOV.UK, 2021). Therefore, it 

can be expected that the number of people needing a new liver will grow in the 

coming years. Cell therapy using primary human hepatocytes (PHH) is an 

alternative method that has already showed some promising results (Dhawan et 

al., 2020). Using cells instead of a whole or partial organ increases the number 

of people who could be treated from one donation. However, PHHs also come 

with some limitations. They do not proliferate in vitro and cannot be maintained 

in culture for more than 10 to 14 days (Mitry et al., 2002). Additionally, 

cryopreservation decreases viability and enzymatic activity of the cells (Terry et 

al., 2005). Immortalized hepatocyte cell lines or cancer-derived cell lines have 

been suggested as an alternative cell source, however, they exhibit poor 

function, karyotypic instability and increased resilience to toxicological insult 

(Szkolnicka and Hay, 2016). Therefore, production of hepatocyte from human 

pluripotent stem cells (PSC) offers an attractive source of virtually limitless cells 

available for transplantation.  The applications and limitations of PSC will be 

discussed in more detail in section 1.4 of the introduction. 
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1.2. Early liver development 

Animal studies on zebrafish, xenopus and mice provided most of the information 

we currently hold on the early liver development. The liver is derived from the 

definitive endoderm (DE), a cell layer that emerges from the anterior primitive 

streak during gastrulation. As the development proceeds, the DE layer forms a 

primitive gut tube that is further patterned along the anterior-posterior axis into 

foregut (FG), midgut and hindgut (HG) (Zaret, 2016). Studies on mice showed 

that the liver originates from the ventral part of the FG. That region of FG also 

gives rise to ventral pancreas, lungs, thyroid and stomach (Tremblay and Zaret, 

2005). The emergence of the liver begins when signals from the surrounding 

cardiac mesoderm and septum transversum mesenchyme (STM) specify foregut 

endoderm (FE) to express hepatic genes such as ALB, HNF4, or TTR (Jung et al., 

1999, Rossi et al., 2001). The cells begin to thicken forming liver diverticulum 

surrounded by a laminin-rich basement membrane. As the process continues, 

the cells of the diverticulum change their morphology from a monolayer of 

cuboidal cells to a multilayer of pseudostratified cells called hepatoblasts (also 

referred to as liver progenitor cells (LPC)), expressing albumin (ALB) and alpha-

fetoprotein (AFP). The basal membrane breaks down and  LPCs proliferate and 

invade the surrounding STM forming the liver bud (Nava et al., 2005, Bort et al., 

2006). Endothelial cells found in the STM surrounding liver diverticulum 

contribute towards the hepatoblast expansion (Matsumoto et al., 2001). Once 

hepatoblasts invade the STM they proliferate and differentiate into hepatocytes 

and cholangiocytes, cells forming the majority of liver parenchyma and biliary 

tract, respectively.  

1.2.1. Signalling during liver progenitor cell specification 

Animal studies on chick embryos have helped to establish that first liver 

progenitor cells derive from the ventral part of FE (Le Douarin, 1968). Studies on 

mouse and chick embryos showed that the surrounding mesoderm is necessary 

for the formation of hepatic progenitors (Houssaint, 1980). The identification of 

the factors released by tissues surrounding FE was possible much later. FGFs 

secreted by cardiac mesoderm were the first factors found to be crucial for 
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induction of the liver fate in the endoderm. Replacing cardiac mesoderm with 

either FGF1 or FGF2 signalling in explant cultures was sufficient to induce the 

expression of hepatic genes, such as AFP and TTR (Jung et al., 1999). FGFs 

pattern the endodermal tissue in gradient-dependant manner with low 

concentrations specifying the liver and high concentrations specifying the lung 

(Serls et al., 2005). Although those studies were done on mice and chicks, their 

findings can be translated to human studies as FGF signalling has been shown to 

be necessary for the differentiation of hiPSCs towards the hepatic fate (Twaroski 

et al., 2015). BMPs secreted from the septum transversum mesenchyme (STM) 

were the next factors identified as crucial for the induction of liver progenitor 

cells from the FE in mice. BMP signalling acts in synergy with FGF signalling to 

bring about the expression of hepatic genes, and both signals are necessary for 

the specification of liver progenitor cells (Rossi et al., 2001). Those two signals 

are crucial for liver development in mice, chicks, Xenopus and zebrafish (Shin et 

al., 2007, Chen et al., 2003).  

Wnt signalling is also implicated in the hepatic specification although not, as is 

the case in BMP4 and FGFs, as an inductor but as a repressor. Canonical Wnt 

signalling in the posterior endoderm blocks the expression of an important 

hepatic TF Hhex. When Wnt signalling is blocked, there is an ectopic liver 

development in the posterior endoderm. Therefore, expression of Wnt 

antagonists in the anterior endoderm is necessary for its ability to commit to 

hepatic fate (McLin et al., 2007).  

1.2.2. Transcription factors in hepatic specification 

Transcription factors (TF) are DNA-binding proteins that have a crucial role in 

the regulation of gene expression. While the signalling pathways governing the 

specification of the liver have been identified, and the signalling cascades that 

are activated upon binding of signalling molecules to their respective receptors 

are well described, the molecular events that bring about the changes in FE 

initiated by FGF and BMP signalling are not well known. Many studies attempted 

to understand the molecular events behind hepatocyte and biliary epithelial cell 

(BEC) development by identifying factors enriched in those cells (Cereghini, 
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1996). Building on that work, later knockout studies in mice and zebrafish have 

reported a role for some of them in the early specification of the liver. At the 

earliest stages of establishing the hepatic competence within the FE, Foxa1 and 

Foxa2 were identified as crucial factors. There is a redundancy between them 

as single knockout of either of these TFs does not affect hepatic development, 

but double knockout completely prevents hepatic specification (Lee et al., 

2005). Similarly, knockout of HNF1 prevents the acquisition of hepatic 

competency by the FE. The removal of this factors prevents the formation of 

liver bud and albumin expression in the FE predicted to develop into the liver. 

Pancreatic development is also affected, as the ventral part of the pancreas fails 

to be specified (Lokmane et al., 2008). Additionally, knockout of this factor after 

hepatic specification severely affects the development of intra hepatic biliary 

ducts (IHBD) (Coffinier et al., 2002). These three TFs are so far the only ones with 

major roles at the very beginning of hepatic development. Other TFs identified 

in hepatocytes are important in the later stages of liver development such as 

hepatoblast proliferation, migration and differentiation (Table 1-1). 

Interestingly, HNF4 has been shown in mice studies to be an important 

regulator of hepatoblast differentiation but not necessary for hepatic 

specification (Li et al., 2000). However, human embryonic stem cell (hESCs) 

differentiation to hepatocyte-like cells (HLCs) seems to require this TF. Knocking 

down of HNF4 in hESC completely prevented their differentiation to 

hepatocyte-like cells at the hepatic specification stage (Delaforest et al., 2011). 

It is unclear whether the reason for this discrepancy is due to species differences 

or due to limitations of 2D, in vitro modelling of the development. However, the 

use of simplified models allows for a more detailed study of the molecular 

mechanisms governed by the TFs of interest. For example, further exploration 

of the role of HNF4 in the differentiation of hESCs to HLCs revealed that this 

factor is responsible for recruitment of RNA polymerase II to the promoters of 

multiple genes activated during hepatoblast specification (Delaforest et al., 

2018). Therefore, although animal studies were invaluable in identifying many 

genes crucial for early development, it is still important to establish, on human 
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models of development, if the findings translate between the species. Human 

PSCs provide species relevant model and an accessible system for the study of 

molecular mechanisms.  
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Transcription 
factor 

Development model Phenotype Reference 

Gata6 
Tetraploid embryo complementation with Gata6 

null ESCs; 

• Normal hepatic specification assessed by expression of Afp, Alb, 
Hnf4,Rbp4, Ttr at E8.0; 

• Arrested liver bud development; 

(Zhao et 
al., 2005) 

 

Gata4 
Tetraploid embryo complementation with Gata6 

null ESCs; 

• Normal hepatic specification assessed by expression of Afp, Alb, 
Hnf4,Rbp4, Ttr at E8.0; 

• Arrested liver bud development 

(Watt et 
al., 2007) 

Foxa1 and 
Foxa2 

Mice with Foxa1 null allele and conditionally 
deleted Foxa2 using Cre-LoxP system with Cre 

under the control of the Foxa3 promoter; 

• No liver bud formation; 
• Failure of hepatoblast specification (no competence of ventral foregut for 

induction of hepatic genes); 

(Lee et al., 
2005) 

Hnf1 
Conditional deletion of first exon of HNF1 gene 
using Cre-LoxP system with Cre under the control 

of AlfpCre transgene; 

• Severe defect in development of small and large intra hepatic biliary ducts; 
• Decreased expression in genes involved in fatty acid oxidation; 

(Coffinier 
et al., 
2002) 

Hnf1 
Tetraploid embryo complementation with null 

Hnf1 ESCs, 

• No Alb expression at E8.5 
• No pancreatic marker expression 
• No liver bud formation 
• Reduced liver size with cells lacking hepatoblast characteristics; 
• No hepatic markers expression; 

(Lokmane 
et al., 
2008) 

Prox1 
Functional inactivation of Prox1 gene by in frame 

insertion of the -galactosidase gene; 

• Defect of hepatocyte proliferation; 
• Failure of hepatocyte migration from the hepatic bud into STM; 
• Failure to degrade the membrane surrounding the hepatic bud; 
• Persistently high E-Cad expression; 

(Sosa-
Pineda et 
al., 2000) 

Prox1 

Conditional deletion of Prox1 using Cre/LoxP 
system with Cre expressed from Foxa3 promoter; 
Prox1 deleted after hepatoblasts migrate out of 

the liver bud; 

• Impaired hepatocyte differentiation (reduced levels of HNF4 and 
increased levels of HNF6 and HNF1b); 

• Increase in expression of biliary transcripts (Sox9, Lamb1 and Krt19); 
• Hepatoblast differentiation skewed towards biliary fate; 

(Seth et 
al., 2014) 
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Hhex Transgenic mice created from Hhex null ESCs; 
• Hepatoblast specification and proliferation not affected; 
• Failure of migration into STM and formation of the liver bud; 

(Martinez 
Barbera et 
al., 2000) 

Hhex 
Transgenic mice with null mutation in the Hex 

gene;  

• Specification and proliferation of liver progenitors is initiated but the cells 
fail to migrate into the STM; 

• Hepatocyte differentiation is disrupted (no AFP or HNF3b expression by 
E10.5; 

(Bort et al., 
2006) 

Hhex 
Conditional Hhex knockout using Cre-LoxP system 

with Cre expressed from AlfpCre transgene; 
• Abnormal hepatoblast differentiation and disruption of liver architecture; 
• Abnormal development of extra-hepatic and intrahepatic biliary ducts; 

(Hunter et 
al., 2007) 

Hnf4 
Tetraploid embryo complementation with 

Hnf4 null ESCs, 

• Hepatoblast specification not affected; 
• Failure of hepatocyte differentiation: expression of genes associated with 

mature hepatocyte function was undetectable (apoAI, apoAII, apoB, 
apoCIII, apoCII, aldolase B, pAH, LFABP, transferrin, RBP, Epo) 

(Li et al., 
2000) 

Hnf4 
Transgenic mice: Hnf4 

knockout conditional on activation of Alb 
promoter and Afp enhancer via Cre-LoxP system 

• Hepatoblast specification not affected; 
• Small, round and loosely associated hepatocytes with impaired glycogen 

storage capacity (barely detectable levels of glycogen synthase enzyme) 
• Impaired cell-cell contact (low levels of E-cadherin, and Ceacem1) 

(Parviz et 
al., 2003) 

HNF4 
Human ESCs expressing siRNAs against HNF4; 

hESC differentiation to hepatocyte-like cells; 
• Failure of hepatocyte specification during hESC differentiation; 
• Loss of hepatic identity of differentiated cells; 

(Delaforest 
et al., 
2011) 

Tbx3 Tbx3 null mouse embryos; 
• Defect of hepatoblast proliferation 
• Hepatoblast differentiation skewed towards biliary fate; 

(Suzuki et 
al., 2008) 

Tbx3 Tbx3 null mouse embryos; 

• Reduced hepatoblast proliferation and failure to delaminated from the 
liver bud; 

• Decrease in expression of hepatic markers (Hnf4 and Cebp) 
• Hepatoblast differentiation skewed towards biliary fate; 

Ludtke et 
al., 2009 

C/EBPα C/EBPα null mice 
• Impaired hepatocyte maturation; hepatoblast differentiation skewed 

towards biliary fate; 
(Akai et al., 

2014) 
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• Abnormal bile duct morphogenesis  
• Decrease in HNF1α and HNF4α and increase in SOX9, E-Cad Hnf6 and 

HNF1β mRNA expression; 
 

HNF1α 
Conditional HNF1α knockout using the Cre-LoxP 
system; Cre under the control of Ella promoter 

expressed during the early mouse embryo; 

• Enlarged liver with degenerating hepatocytes at 12 weeks of age; 
• Disrupted hepatocyte function; 

 

(Lee et al., 
1998) 

Table 1-1 Summary of the major studies of TFs involved in the early stages of liver development. 
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1.3. BMP signalling pathway 

1.3.1. Ligands, receptors and mediators of the BMP pathway 

Bone morphogenetic proteins (BMPs) are members of the transforming growth 

factor  (TGF-) family of signalling molecules. They were named for the ability 

to induce ectopic bone formation, first observed in the 19th century. Since their 

isolation and cloning in the 1980s, they have been shown to have many diverse 

biological functions, e.g.: in the development of the kidneys, liver, skeletal 

system, hair follicles or teeth, differentiation of osteoblasts and chondrocytes, 

iron metabolism and cancer (Katagiri and Watabe, 2016). They are divided into 

subgroups according to structural homology (Figure 1-2). 

 

BMPs are synthetised as inactive, pro-polypeptides. The mature form is at the 

C-terminal of the molecule, and a signal peptide is located at the N-terminal end. 

The two are separated by a pro-domain. The mature part of the BMP is 

enzymatically cleaved by a proteinase, e.g.: furin cleaves BMP4 (Nelsen and 

Christian, 2009). Mature BMP proteins have seven cysteine residues: six form 

 

Figure 1-2 BMP family ligands, receptors and SMAD mediators.  
 Image adapted from (Nickel and Mueller, 2019) 
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intramolecular disulfide bridges, and the 7th residue covalently binds via a 

disulfide bond to another molecule of mature BMP to form a biologically active, 

homodimeric or heterodimeric, ligand that can activate BMP receptors 

(Bragdon et al., 2011). 

In canonical pathway, BMPs induce their effects by binding to type I and type II 

serine-threonine kinase transmembrane receptors (Figure 1-3). Although BMP 

ligands can bind to and activate type I receptors directly, their potency is much 

increased in the presence of type II receptors. There are three type II receptors 

that BMPs bind to: BMP type II receptor (BMPRII), which is specific for BMP 

molecules, activin type II receptor (ActRII) and activin type IIB receptor (ActRIIB), 

which are shared with activins and myostatin. From the seven type I receptors 

that are bound by the TGF- signalling family, four are used by the BMP 

subgroup: ALK-1, ALK-2, ALK-3 and ALK-6 (Katagiri and Watabe, 2016). 

To elicit a cellular response, BMPs bind to type II receptors on the surface of the 

cell. Type II receptors, which are constitutively active, phosphorylate type I 

receptors at the glycine-serine rich domain of the intracellular part of the 

receptor. Activated type I receptors phosphorylate SMAD proteins.  

There are eight SMAD proteins (SMAD 1-8) identified in mammals. In BMP 

signalling, receptor related SMADS (rSMADS): SMAD1, SMAD5 and SMAD8 are 

phosphorylated by type I receptors activated by BMPs. Once activated, rSMADs 

form a heterotrimeric complex with SMAD4. SMAD4 is a common partner SMAD 

(coSMAD) utilized also in the TGF- signalling. rSMAD-coSMAD complexes 

relocate to the nucleus where they associate with transcriptional activators 

(e.g.: CBP, GATA4/5/6, TCF4) or repressors (Gli3, ZEB2, DACH1, KLF4) and 

regulate transcription of target genes by binding to their regulatory elements 

(Ampuja and Kallioniemi, 2018).  

BMPs can also signal via a non-canonical route that it not SMAD mediated. 

Instead, BMP type I receptors can be linked to protein ligase X-linked inhibitor 

of apoptosis (XIAP) that activates TAK1. TAK1 is a member of the MAPK family. 

It phosphorylates downstream MAP kinases such as p38, ERK1/2 and JNK. 
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Activated kinases re-locate to the nucleus where they activate TFs ATF2, c-JUN 

and c-FOS and induce changes in transcriptional activity (Zhang and Que, 2020). 

1.3.2. Regulators of BMP signalling 

BMP signalling can be controlled at several levels. There are inhibitors and 

potentiators that can influence the pathway at extracellular, receptor and 

intracellular level.  

BMP ligands can be directly bound by proteins and prevented from interacting 

with their receptors. Noggin, Chordin, Gremlin and Cerberus are just some 

examples of extracellular BMP antagonists (Brazil et al., 2015). At the receptor 

levels, BMP signalling can be limited by expression of BAMBI, a pseudoreceptor 

for the TGF family. BAMBI competes with BMP receptors for BMP ligands but 

does not have the intracellular domain that can phosphorylate type I receptors 

and activate SMAD proteins (Onichtchouk et al., 1999). Further along the 

signalling pathways, BMP activated SMADs can be antagonised by inhibitory 

SMADS (iSMAD): SMAD6 and SMAD7. Additionally, SMURF1 and SMURF2 ligases 

can induce ubiquitination and degradation of SMAD1 and SMAD5. And finally, 

BMP-mediated gene expression can be negatively controlled by miRNAs and 

methylation (Brazil et al., 2015). 

There are also several potentiators of BMP signalling. BMP1 can cleave Chordin 

bound BMP ligands and as such act as an activator of BMP pathway. Sulfated 

polysaccharides, such as heparin, have been reported to potentiate BMP2, 

BMP4 and BMP7 signalling in osteoblast differentiation. Kielin/Chordin-like 

protein (KCP) and proteins of the repulsive guidance molecule (RGMa, RGMb, 

RGMc) have also been reported to positively control BMP signalling (Katagiri and 

Watabe, 2016). 

 



Paulina Maria Durczak 15 The University of Nottingham 

As BMPs are involved in multiple physiological functions, that can be 

dysregulated in disease states, it was desirable to identify small molecule 

inhibitors of this signalling pathway, to potentially use them in clinical settings. 

 

Figure 1-3 BMP signalling cascade.  
Image created using Biorender templates. 
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Several selective inhibitors of BMP receptors have been identified such as 

dorsomorphin, K02288, VU5350 or DMH1 (Sanchez-Duffhues et al., 2020). 

These can also be applied in in vitro experiments that study the role of BMP 

molecules in various biological processes. 

As mentioned earlier, BMP signalling plays a vital role in the specification of LPCs 

during liver development, but this pathway is also involved in many other 

developmental processes. How the specific genetic program is activated by the 

same SMAD molecules is not clear.  

1.4. Pluripotent stem cells 

Pluripotent stem cells (PSCs) are characterized by the ability to differentiate to 

representative cell types of all three germ layers: mesoderm, endoderm and 

ectoderm but typically do not have the capacity to form extra-embryonic tissue. 

They are also self-renewing, meaning they can be propagated in vitro virtually 

indefinitely. They express a panel of pluripotency-related TFs such as OCT4, 

NANOG or SOX2, and surface markers e.g.: TRA-1-60, SSEA-4 and SSEA-3 (De Los 

Angeles et al., 2015). Although several types of PSCs have been derived and 

characterised, embryonic stem cells (ESCs) or induced pluripotent stem cells 

(iPSCs) are the most common types of PSCs. 

Human embryonic stem cells (hESCs) were first derived in 1998 from a pre-

implantation embryo (Thomson et al., 1998). Despite their great potential for 

application in cell therapy or drug testing, some countries completely banned 

their use on the ethical basis as hESCs creation requires destruction of an early 

human embryo (Walters, 2004). However, several years later human PSC cells 

were obtained by reprogramming of differentiated somatic cells into PSCs by 

introduction of four transcription factors: OCT4, SOX2, Klf-4 and c-Myc 

(Takahashi et al., 2007). Named ‘induced’ PSCs, these cells show the same 

characteristics as ESCs: ability to differentiate to cell types of all three germ 

layers and self-renewal but lack the ethical issues and legislative barriers that 

hinder research on human PSCs. Additionally, they present a possibility of 

personalised cell therapy or ability to study genetically inherited disorders. Since 
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their first creation, research on this type of PSCs has increased significantly 

(Figure 1-4). 

 

1.4.1. Application of pluripotent stem cells 

Pluripotent stem cells (both embryonic and induced) are a possible cell source 

for many applications. Due to their self-renewal and a potential to differentiate 

to virtually any cell type of the body, they present an ideal source of almost 

limitless cells for basic research or cell-based therapies. The ‘holy grail’ of PSC 

research is the use of PSCs or PSC-derived cells for therapy. Intense efforts to 

bring PSCs to the clinic resulted in several early phase clinical trials that used 

PSCs in the treatment of cardiovascular and neurological disease, malignancy or 

viral infections with COVID-19 (Kim et al., 2022).  

Although widespread use of PSC-derived therapies is not here just yet, hPSCs 

have found other applications. In the year following reprogramming of human 

somatic cells to pluripotency, several hiPSCs lines derived from patients with 

monogenic, complex and chromosomal genetic disorders were created for the 

purpose of disease modelling (Park et al., 2008). Since then, hiPSCs were used 

in the study of many genetic disorders, such as Duchenne muscular dystrophy, 

cystic fibrosis, cardiomyopathies or metabolic disorders (Morera et al., 2022, 

 

Figure 1-4 Number of publications relating to hiPSCs.  
Pub med search using ‘human induced pluripotent stem cells’ demonstrates rapid 
increase in research interest in this field. 
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Wong et al., 2012, Lee et al., 2014). PSCs are also a great source of healthy 

human cells for the study of viral disease, especially species-specific viruses 

where animal models cannot be applied. Primary tissues have been used but 

donor shortages, variability and difficulty in the long-term cell culture are 

limiting factors. PSCs-derived hepatocytes were used in the study of hepatitis B 

and C (Xia et al., 2017, Yoshida et al., 2011). Other cell types were also used, 

e.g.: cardiomyocytes in the study of coxsackievirus B3-induced myocarditis 

(Sharma et al., 2014) and sensory neurons for the study of infection with herpes 

simplex virus 1  (D'Aiuto et al., 2015). PSCs-based models allow to examine the 

molecular mechanisms of viral entry and spreading, immune sensing of the viral 

infection or signalling pathways that may lead to virus-associated long-term 

complications, such as hepatocellular carcinoma (Xia et al., 2017). Additionally, 

those cells can also be used for identification of novel treatments for viral 

infections, which brings us to the next application of PSCs: drug discovery and 

safety testing.  

The availability of disease models not only allows the study of the pathology of 

the disease but also the identification of novel drug therapies. The accessibility 

of vast numbers of cells, that are affected by a condition or infection, enables 

high throughput screening of drug libraries containing thousands of candidate 

compounds and identification of potential treatments (Kaufmann et al., 2015). 

Furthermore, PSCs-derived cells can assist in the process of drug development. 

Traditional methods for assessing drug toxicity rely on animal models, which are 

expensive, low throughput, do not always accurately predict toxicity due to 

inter-species differences and come with ethical issues about animal treatment 

(Daston et al., 2022). The use of primary human tissue is limited for the same 

reasons as its use for disease modelling: scarcity, variability and difficulty in cell 

culture. Immortalized cell lines do not keep their exact phenotype and are 

affected by epigenetic alternations (Maqsood et al., 2013). Human PSC-derived 

cells pose a great alternative for supply of healthy cells, especially hepatocytes 

and cardiomyocytes, which are among the most sensitive cell types affected by 

drug toxicity (Weaver and Valentin, 2019). Hepatotoxicity or cardiotoxicity are 
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the most common reasons for drug failure in clinical trials or their withdrawal 

from the market (Solotke et al., 2018). Therefore, more accurate models for 

assessing toxicity could decrease animal use in the drug development process, 

reduce the risk for clinical trial participants, shorten the time and cut the cost of 

the process and limit the number of drugs that fail the trials.  

Lastly, PSCs have also allowed the study of development. The use of human 

embryos for the study of early human development is strictly controlled and 

limited due to the ethically sensitive nature of such research. Currently, the UK 

law limits the timeframe for which human embryos can be kept alive using 

available technologies to 14 days. This limits in vitro research to pre-

implantation stage before any significant organogenesis occurs (Carlson, 2019). 

Although recently, the ISSCR has recommended an extension of the 14-day rule, 

provided robust review process is in place, this area of research can still be 

highly controversial and poses ethical questions. The emergence of pluripotent 

stem cells, both embryonic and induced, delivered and alternative method for 

understanding the molecular mechanisms of early human development. They 

have been applied to the study of skin (Oceguera-Yanez et al., 2022), 

neurological (Knock and Julian, 2021), kidney (Khoshdel Rad et al., 2020), 

haematopoietic (Jung et al., 2018) or cardiac development (Ramirez-Calderon 

et al., 2022). 

1.4.2. Current limitations of pluripotent stem cells 

PSCs have found multiple applications since their derivation. However, some 

limitations to the application of the PSC-derived cells exist. One of the main 

issues of PSCs-derived cells is their immaturity. Phenotypical and functional 

analysis showed that PSC-derived hepatocytes resemble foetal hepatocytes 

rather than adult ones. They express lower levels of CYP enzymes involved in 

drug metabolism and produce less albumin and urea compared to PHH. They 

also express AFP, which is absent in PHH (Baxter et al., 2015). Transcriptomic 

analysis of PSC-derived hepatocytes using various differentiation protocols 

confirmed that they are more related to foetal hepatocytes rather than the adult 

ones. There are significant differences in the expression profiles of fatty acid and 
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drug metabolism genes or gluconeogenesis-related genes. Additionally, the 

analysis showed incomplete loss of original cell gene expression profile 

(lingering of pluripotency-related genes) and undesired gain of other identities 

such as lung or intestine/colon. Significant variability in transcriptome between 

hepatocyte-like cells differentiated by various protocols was also revealed 

(Ardisasmita et al., 2022). Similar issues with phenotypical and functional 

immaturity has been reported in PSC-derived cardiomyocytes (Wang et al., 

2022) or neurons (Imaizumi and Okano, 2021). The use of immature cells can be 

problematic for drug discovery and toxicity studies. Although some reports 

showed that PSC-derived hepatocytes accurately predict drug toxicity 

(Szkolnicka et al., 2014), the fact that they predominantly express CYP enzymes 

of immature hepatocytes can be problematic. The immature phenotype may 

also prevent the use of PSC-derived cell types in the clinic as has been shown by 

a study that transplanted Macaque monkeys with PSC-derived cardiomyocytes 

for the treatment of myocardial infarction. Despite some promising signs of 

infarct remuscularisation and cardiomyocyte maturation, the monkeys also 

presented with arrythmias that can have life threatening consequences (Chong 

et al., 2014).  

Another issue with the use of PSC-derived cell for clinical applications is the 

possible presence of undifferentiated PSCs in the transplanted cells. PSCs bring 

the risk of teratoma or tumour formation due to their enormous ability to 

proliferate, presence of reprogramming factors or genetic mutations acquired 

during in vitro manipulation. Although detection of chromosomal abnormalities 

is quite straightforward, detection and interpretation of single nucleotide 

variation poses greater difficulty (Yamanaka, 2020). Highly efficient 

differentiation protocols and stringent purification methods are necessary to 

ensure that no undifferentiated PSCs or proliferative progenitors persist in the 

cell population given to a patient as cell therapy. Another challenge to efficient 

production of PSC-derived therapeutic cells is heterogeneity between the PSC 

lines due to genetic background or epigenetic status. This results in significant 

differences in the ability of those PSC lines to differentiate into a desired cell 
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type. (Choi et al., 2015, Koyanagi-Aoi et al., 2013). This may necessitate the 

adjustment of differentiation protocols for individual patients increasing the 

cost and extending the time of the therapy.  

Better understanding of early human development is necessary for improving 

differentiation protocols that can render pure populations of mature cell types, 

without any contaminating undifferentiated PSCs or proliferative progenitor 

stages. 

1.4.3. Genetic modification of stem cells with programmable nucleases 

The application of targeted genome editing techniques to pluripotent stem cell 

research has opened new avenues in cell therapy, disease and development 

modelling and drug screening. Precise and efficient modification of the DNA has 

become achievable at the break of this century with the development of 

programmable nucleases. Zinc-finger nucleases (ZFN), transcription-activator-

like effector nucleases (TALENS) and clustered regularly interspaced short 

palindromic repeats (CRISPR)/Cas9 nuclease have become major tools for 

genome editing. Each of these methods can introduce a double strand break 

(DSB) at the precise location in the genome. The DSB can be repaired by two 

different routes: non-homologous end joining (NHEJ) or homology-directed 

repair (HDR). NHEJ has a high mutation rate as it frequently results in point 

mutations or deletions/insertions. If it can be targeted to a specific gene or its 

regulatory element it can disrupt the expression of that gene. HDR repairs the 

DSB by recombination with template DNA that has homology regions with the 

targeted site. The DNA template can be specifically designed with specific 

changes to the DNA sequence. The changes can be small, like single nucleotide 

alternations, or very long sequences, containing coding sequences for whole 

genes (Baumgart and Beyer, 2017). Each of the nuclease systems can cut the 

DNA at a specific site, but their mechanism, specificity and efficiency differ and 

need to be considered when selecting one for genome editing.  

ZNFs are made by fusion of two domains from two different proteins. The 

cleavage domain, that introduces the DSB in the DNA, is derived from a 

restriction enzyme FokI. The enzyme’s DNA binding domain is replaced by a zinc-
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finger protein that interacts with a triplet within the DNA. Many zinc fingers exist 

that differ in their amino acid composition and affinity for different DNA triplets. 

As they function as independent modules, selected zinc fingers can be brought 

together designed in a way to target a specific DNA sequence of interest. 

Usually, 3-6 zinc finger proteins are used that target DNA sequences 9 to 18 bs 

in length (Kim et al., 1996). It has been shown that FokI cleavage domain has 

one catalytic centre and, for it to cut DNA, it needs to dimerize. Therefore, two 

ZFN monomers must be constructed to create the active genome engineering 

tool. Each monomer recognizes adjacent DNA sequences on opposing DNA 

strands with a spacer between them of 5-7bp (Bitinaite et al., 1998). This 

doubles the length of recognition site increasing the specificity of the ZFNs. 

Improvements to the original methods have substantially increased the 

specificity of ZFNs. The ability of wild-type FokI to form homodimers was 

responsible for high levels of off-target DNA cuts. Modification of the domain to 

impose heterodimer formation has reduced the issue substantially (Szczepek et 

al., 2007). Despite the improvements, cleavage with ZFNs has variable efficiency 

and is often greatest in G-rich regions, which limits the number of appropriate 

sites for targeting. Additionally, non-commercial ZNFs frequently have high 

toxicity most probably due to high rate of off-target cleavage (Kim and Kim, 

2014).  

TALENs are also a fusion of domains from two different proteins. Like ZNFs, their 

cleavage domain is derived from the FokI enzyme, but they use a different class 

of DNA-binding domain. Transcription activator-like effectors (TALEs) come 

from a Xanthomonas bacterium and are composed of 33-35 amino acids repeats 

that recognise a single nucleotide in the major grove of the double helix. Their 

specificity is mediated by repeat variable diresidues (RVD): amino acids in the 

12th and 13th location of each repeat. RVDs recognising each of the four DNA 

nucleotides have been identified. As ZFNs, TALENs need to dimerize to be able 

to cleave DNA which increases the specificity of targeted site (Kim and Kim, 

2014). Additionally, the recognition of single base by each TALEN offers more 

flexibility in the design compared to ZNFs. The only limitation to the design of 
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TALENS comes from the requirement of a T residue at the beginning of the 

binding site. However, even though the design is more straightforward, the 

actual cloning of repat TALEN arrays is challenging due to the repetitive nature 

of the TALENs. This issue has been mostly addressed by development of cloning 

methods like ‘Golden Gate’ cloning or ligation-independent cloning and a 

construction of a library targeting 18,740 human protein coding genes (Gaj et 

al., 2013). 

CRISPR/Cas9 editing tool was developed on the basis of the adaptive immune 

system identified in bacteria and archaea. In those organisms, regions of highly 

repetitive sequences separated by non-repetitive spacer DNA were identified. 

Later, it was discovered that the spacer DNA belonged to viruses and mobile 

genetic elements. These small DNA fragments (~20bp) serve as an ‘address’ 

labels for the Cas9 nucleases that provide defence against invading pathogens 

(Adli, 2018).  Like ZFNs and TALENs, CRISPR/Cas9 system is composed of two 

elements: Cas9 nuclease responsible for the cutting of DNA and a single guide 

RNA (sgRNA). SgRNA is an artificial, simplified version of the guiding CRISPR 

system. In bacteria, Cas9 is guided by CRISPR RNA (crRNA) transcribed from the 

non-repetitive protospacer elements within the CRISPR cluster and trans-

activating crRNA (tracrRNA). When Cas9 complexes with guide RNA it forms an 

active nuclease complex that targets specific regions of the DNA and induces 

DSB (Figure 1-5). Over time, the guiding RNA has been simplified into one sgRNA 

(Jinek et al., 2012). The specificity of each complex is determined by the short 

20nt sequence in the sgRNA (‘protospacer’ RNA) and a PAM sequence 

(protospacer-adjacent motif) that is recognised by the Cas9 enzyme. 

Protospacer RNA can be designed to target any area of the genome. It binds to 

its complimentary sequence within DNA and, if it is followed by the PAM 

sequence, Cas9 cleaves the DNA three nucleotides into the protospacer (Jinek 

et al., 2012).  
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The requirement for the PAM sequence is a small limitation of this genome 

editing technique. The NGG (where N is any of the four nucleotides) PAM 

sequence recognised by the most commonly used Type II CRISPR/Cas9 appears 

in the genome every 8-12 bp restricting somehow the selection of target DNA. 

 

Figure 1-5 CRISPR/Cas9 gene editing tool.  
 a) CRISPR/Cas9 system with the initial  tracrRNA and crRNA; b)CRISPR/Cas9 with 
simplified single guide RNA (sgRNA); c) How endogenous cell repair mechanisms of 
double strand break help genome editing. Image created using modified Biorender 
templates.  
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However, new variants of the Cas9 enzymes have been identified that are less 

stringent about the PAM sequence (Kleinstiver et al., 2015) or have been 

reengineered to recognise shorter PAM (Hirano et al., 2016).  

Unlike ZFNs and TALENs, CRISPR/Cas9 functions as a monomer and has been 

shown to induce off target effects (Cho et al., 2014). Cas9 can tolerate up to  5 

mismatches between the guide RNA and targeted sequence (Fu et al., 2013). To 

reduce the frequency of off target effects, Cas9 with nickase activity has been 

developed. Cas9 has two catalytic domains: HNH and RuvC that cut 

complementary and non-complementary strand, respectively (Jinek et al., 

2012). Inactivation of one of the domains leaves the Cas9 enzyme with nickase 

activity capable of introducing single strand breaks (SSB) only. It has been shown 

that a paired nickase approach using two guide RNAs and introducing off set SSB 

in close proximity on the genome significantly reduces the occurrence of off 

target effects increasing CRISPR/Cas9 specificity (Shen et al., 2014, Cho et al., 

2014). 

Despite the limitations of CRISPR/Cas9, it has become a major tool of genetic 

engineering due to extreme flexibility, ease of design and construction and 

editing efficiency. Additionally, CRISPR/Cas9 application has moved beyond the 

genome editing into gene expression regulation, epigenome editing or 

manipulation of chromatin topology (Adli, 2018).  

1.4.4. Inducible gene expression systems 

The study of early human development with the use of PSCs offers an invaluable 

opportunity for understanding the highly intricate genetic networks that govern 

cell differentiation and specialization. However, some TFs have dual roles in 

development and their knockout can result in embryonic lethality making the 

study of their role in later events impossible (Li et al., 2000, Zhao et al., 2005, 

Watt et al., 2007). Similarly, the pluripotency and self-renewal of PSCs can be 

affected by knockout of genes with roles in later development (Masui et al., 

2007). Therefore, inducible gene expression systems can be very useful for the 

study of genes involved in various stages of the development. In PSCs, these 

systems allow temporal control of gene expression by inducing knockdowns, 
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knockouts or overexpression of candidate genes at the desired point in 

differentiation. Furthermore, gene induction or suppression can be reversible 

and dose-controlled (Kallunki et al., 2019).  

Tetracycline-controlled operator system is a popular tool to control mammalian 

gene expression. It is based on antibiotic resistance mechanism of E.coli 

bacteria, where tetracycline repressor (TetR) protein binds to tet operons (tetO) 

located before promoters of resistance genes (e.g.: drug efflux genes) and 

blocks their expression. When tetracycline is present, it binds to TetR inducing 

conformational change within the protein. This change prevents TetR binding to 

tetO, therefore transcription of drug resistance genes can begin. The TET system 

adapted the tetO operons and TetR proteins to gene control in mammalian 

setting (Kallunki et al., 2019) Further modifications to the system created TET-

OFF configuration where TetR is fused with a transactivator derived from herpes 

simplex virus 1, VP16. When TetR/VP16 hybrid is bound to tetO, there is 

activation of genes downstream of the operon, and addition of tetracycline 

switches gene expression off (Gossen and Bujard, 1992). TET-ON system was 

created by random mutagenesis of the TetR protein that identified a variant 

binding to TetO on addition of tetracycline (Gossen et al., 1995). This removes 

the need for continuous addition of tetracycline to the cell culture media, which 

is beneficial as tetracycline and its derivative, doxycycline, have been reported 

to alter the metabolism and proliferation rate of human cell lines (Ahler et al., 

2013). The TET system has been successfully used for conditional expression of 

genes in haematopoietic differentiation (Zeng et al., 2021), as well as inducible 

knockdowns and knockouts in mesoderm, endoderm and ectoderm 

differentiation of the human PSCs (Figure 1-6) (Bertero et al., 2016). 
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Figure 1-6 Combining the TET inducible system with RNAi interference  
a) In the absence of tetracycline (TET), the tetracycline-inducible protein (TetR) binds to 
TO sequence within the H1 promoter. Access of Pol III to the promoter is blocked due to 
steric hindrance and there is no transcription of shRNAs. b) Added TET binds to TetR and 
induces conformational change in the protein. This change reduces TetR's ability to bind 
TO sequence. Pol III is able to access H1 promoter and shRNAs are transcribed c) Produced 
shRNAs are processed by internal cell RNA interfering pathways. Produced shRNAs knock 
down mRNA of the gene of interest. Images created using Biorender templates. 
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1.5. Aims of the thesis 

BMP4 ligands secreted from the septum transversum mesenchyme have been 

shown to be crucial for LPC specification from foregut endoderm during mouse 

liver development (Rossi et al., 2001). However, the molecular mechanisms by 

which BMP4 induced transcriptional changes in the FE cells, as well as the 

identity of genes involved in downstream effects of BMP4/SMAD signalling, 

have not been identified. The overarching aim of this project was to gain a better 

understanding of this process in human development. The major stages of the 

project are: 

I. Modelling of human early liver development with the use of human 

induced pluripotent stem cells differentiated to LPC using previously 

established differentiation protocols. Validation of the model using cell 

morphology assessment (microscopy), gene expression analysis (qPCR) 

and protein expression analysis (immunocytochemistry).  

II. Examination of transcriptome changes induced by BMP4 signalling 

during LPC specification from foregut endoderm (RNA sequencing) and 

identification of direct targets of SMAD proteins during LPC specification 

(ChIP sequencing). Selection of candidate genes for further examination 

of molecular mechanisms. 

III. Investigation of molecular mechanisms of BMP4 signalling. Application 

of CRISPR/Cas9 in the gene knockdown/knockout and overexpression to 

understand the role of BMP4 signalling mediators in the specification of 

LPCs. 

Chapter 2. Materials and methods 

2.1. Cell culture 

2.1.1. HiPSCs 

REBL-PAT Monoclonal (R-PAT M) hiPSC line was created by Dr Gary Duncan at 

the University of Nottingham. The cells were reprogrammed from human 

dermal fibroblasts using Sendai virus. The cell line was used for all cell-based 

experiments. 
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All cell culture was performed in type II Biological Safety Cabinets. Cells were 

maintained in humidified incubators at 37oC and 5% CO2. 

2.1.2. Cell culture media 

The composition of cell culture media used in this thesis is listed in Table 2-1. 

Once the media was made, it was stored at 4oC for up to two weeks and warmed 

up to 37oC before addition to the cells. 

2.1.3. Matrigel coating 

All cell culture dishes were prepared prior to cell seeding by coating with 

MatrigelTM (Corning, #354230) at a constant concentration of 0.035mg/cm2 and 

kept overnight at 37oC. Before cells were added to a coated dish, excess Matrigel 

was removed by washing with PBS. 
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2.1.4. hiPSC cell maintenance and differentiation 

For majority of experiments, R-PAT M cells were maintained in T25 flasks in 

homebrew essential 8 (HB E8) media. Cells were split in 1:10 ratio when 80% 

confluency was reached. To split, cells were first washed with 5ml of PBS (Gibco, 

#14190094) and dissociated using 2.5ml of TrypLE (Gibco, #12604021) for 4min 

at room temperature (RT). After removal of TrypLE, the flask was gently tapped 

 

Table 2-1 Composition of cell culture media. 

Medium Composition %(vol/vol)/Final conc. Supplier

DMEM/F12 99.85% Corning, cat# 10-092-CMR

L-ascorbic acid 2- phosphate 

trisodium salt
0.64mg/ml Sigma, cat# 49752

Heparin sodium salt 100ng/ml Sigma-Aldrich H3149

Sodium selenite 14ng/ml Sigma-Aldrich, cat# S5261

Recombinant human insulin 20mg/ml Sigma-Aldrich, cat# 11376497001

Recombinant human transferrin 5mg/ml Sigma-Aldrich , #T3705

Recombinant human FGF2 100ng/ml Peprotech, cat# 100-18B

Recombinant human TGFb1 2ng/ml Peprotech, cat# 100-21

TeSR (Basal medium) 96% Stem Cell Technologies #05991

TeSR E8 (25X Supplement) 4% Stem Cell Technologies #05992

RMPI 1640 96% Gibco, #21875034

B-27TM Supplement (50X) 2% Gibco, #17504044

NEAA (100X) 1% Gibco, #11140050

Pen/Strep (10,000 U/ml) 1% Gibco, #15140-122

Activin A 100ng/ml Peprotech, #120-14P

Wnt-3a 50ng/ml R&D, #5036-WN

RMPI 1640 96% Gibco, #21875034

B-27TM Supplement (50X) 2% Gibco, #17504044

NEAA (100X) 1% Gibco, #11140050

Pen/Strep (10,000 U/ml) 1% Gibco, #15140-122

Activin A 50ng/ml Peprotech, #120-14P

RMPI 1640 96% Gibco, #21875034

B-27TM Supplement (50X) 2% Gibco, #17504044

NEAA (100X) 1% Gibco, #11140050

Pen/Strep (10,000 U/ml) 1% Gibco, #15140-122

BMP4 10ng/ml R&D, #314-BP

FGF10 20ng/ml Peprotech, #100-26

SB431542 10mM Selleckchem, #S1067

RMPI 1640 96% Gibco, #21875034

B-27TM Supplement (50X) 2% Gibco, #17504044

NEAA (100X) 1% Gibco, #11140050

Pen/Strep (10,000 U/ml) 1% Gibco, #15140-122

Retinoic Acid 3mM Sigma-Aldrich, #R2625

SB431542 10mM Selleckchem, #S1067

Noggin 100ng/ml Peprotech, #120-10C

FGF10 100ng/ml Peprotech, #100-26

RMPI 1640 96% Gibco, #21875034

B-27TM Supplement (50X) 2% Gibco, #17504044

NEAA (100X) 1% Gibco, #11140050

Pen/Strep (10,000 U/ml) 1% Gibco, #15140-122

CHIR99021 3mM Tocris, #4423

Retinoic Acid 1mM Sigma-Aldrich, #R2625

HG media

Transfection media for 

lipid reagents
OptiMem 100% ThermoFisher #31985070

Homebrew E8

Commercial TeSR E8 

medium

DE medium

FG medium

HPC medium

PPC
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to detach cells from the bottom and 5ml of DMEM was used to wash the flask 

and collect the cells. 500l of cell suspension was added to a new Matrigel 

coated T25 flask containing 5ml of HB E8. For the first 24hrs the media was 

supplemented with 10M ROCK inhibitor (ROCKi) (Tocris, #1254 ). Media 

changes were performed every 24hrs. 

For genetic engineering experiments, R-PAT M cells were transitioned to 

commercial E8 media by gradual increase of the ratio between HB E8 and 

commercial E8 media (75%:25%; 50%:50%; 25%:75%; 100%:0) every 24hrs. 

For differentiation, hiPSCs were seeded into multi-well MatrigelTM coated plates 

at constant density of 20k/cm2 and maintained in HB E8 media for 48 hrs with 

daily media change. Differentiation was started by addition of DE media for 3 

days with daily media change. Following DE specification, the cells could either 

be taken towards HG fate by addition of HG media for 4 days (with daily media 

change) or FG fate by addition of FG media for 4 days (with daily media change). 

For differentiation towards HCP or PPC, FG media was replaced with HCP media 

or PPC media, respectively, for 4 days with daily media change. 

2.1.5. Cryopreservation 

For cryopreservation cells were dissociated as in the protocol 2.1.4. Detached 

cells were collected using 5ml of RPMI media and centrifuged at 300 g for 3 min. 

RMPI media was aspirated and cell pellet was resuspended in 1ml of 10% DMSO 

(Sigma; #2650) in heat inactivated FBS (Gibco; #10500-064). Cells were quickly 

but gently resuspended and 250µl of cell suspension was placed in per cryotube. 

Tube were initially frozen using Mr Frosty™ and moved to liquid nitrogen storage 

24-48h later. 

2.1.6. Transfection of FG monolayer 

Lipofectamine protocol: HiPSCs were seeded in 12 well plates and differentiated 

towards FG D2, FG D3 and FG D4. 24hrs prior to transfection, cells were fed with 

antibiotic free differentiation media. Immediately before transfection the media 

were changed as usual. 2l, 3l, 4l or 5l of RT Lipofectamine (Invitrogen, 

#11668030) reagent was diluted in 50l of OptiMEM media and mixed with 1g of 
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GFP plasmid (Lonza, #V4XP-3032) diluted in 50l of OptiMEM media, mixed 

gently and incubated for 5min at RT. 100l of lipid-DNA complex was added per 

well of 12 well plate at FG D2, FGD3 or FG D2 and FG D4 of differentiation. The 

plate was gently rocked to mix the transfection components with the cell culture 

media. Transfection efficiency was checked 24hrs post transfection by 

fluorescent microscopy and flow cytometry.  

Promega protocol: HiPSCs were seeded in 12 well plates and differentiated 

towards FG D3. 24hrs prior to transfection, cells were fed with antibiotic free 

differentiation media. Immediately before transfection the media were changed 

as usual. FuGene HD (Promega, #E2311) was allowed to reach RT. GFP plasmid 

and FuGene HD reagent were diluted in OptiMEM media at two ratios: 2:1 and 

4:1, gently mixed and incubated for 15min at RT. 100l of FuGene/GFP mixture 

was added per well of 12 well plate and mixed by gently swirling of the plate. 

Transfection efficiency was checked by fluorescent microscopy at 24, 48 and 

72hrs post transfection. 

Biontex protocol: Two different transfection reagents were tested from this 

company: K4 (Biontex, #T080-1.0) and K2 (Biontex, T060-0.75) using the same 

protocol. HiPSCs were seeded in 12 well plates and differentiated towards FG 

D3. 24hrs prior to transfection, cells were fed with antibiotic free differentiation 

media. On the day of transfection, the media were changed as normal. 2hrs 

before transfection, a multiplier reagent was added to cell culture media to a 

total volume of 1% of the media. Transfection reagents were allowed to reach 

RT and diluted in OptiMEM media. 1g of GFP plasmid was diluted in OptiMEM 

media and then diluted reagent and plasmid were mixed together at two ratios: 

2:1 and 4:1, reagent (l) to plasmid (g). The solutions were gently mixed by 

pipetting up and down and incubated at RT for 20min. 100l of the mixed 

solutions was added per well of cells and gently mixed by swirling the plate. 

Transfection efficiency was checked by fluorescent microscopy at 24, 48 and 

72hrs post transfection. 
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Mirus protocol: TransIT-X2 (Mirus, #MIR6003) transfection reagent was chosen 

to be tested. . HiPSCs were seeded in 12 well plates and differentiated towards 

FG D3. 24hrs prior to transfection, cells were fed with antibiotic free 

differentiation media. On the day of transfection, the media were changed as 

normal. Transfection reagents were allowed to reach RT and diluted in OptiMEM 

media (either 2l or 4l per 50l of the media). 1g of GFP plasmid was diluted 

in 50l of OptiMEM media. Diluted transfection reagent was mixed with the GFP 

plasmid at two ratios: 2:1 and 4:1 of reagent (l) to DNA (g), respectively, 

gently mixed and incubated for 15min at RT. 100l of the X2 reagent/GFP 

mixture was added per well of the 12 well plate and mixed with cell culture 

media by gentle ricking of the plate. Transfection efficiency was checked by 

fluorescent microscopy at 24, 48 and 72hrs post transfection. 

2.1.7. Nucleofection 

R-PAT M cells were nucleofected using Amaxa™ 4D-Nucleofactor and P3 primary 

cell kit (Lonza; #V4XP-3024). On the day of nucleofection, R-PAT M cells 

dissociated as in protocol 2.1.4. and resuspended in HBr E8 for cell counting. 

The required number of cells (100k-320k) were centrifuged at 300g for 3min. 

Media was aspirated and the cells were resuspended in P3 buffer containing 

appropriate plasmids [either 1.2µg of CRISPR plasmids (300ng each of guide 2 

and guide 3 RNA + 600ng of Cas9 plasmid) and 600ng of pAAV_puro_MsiKD 

plasmid; or 1µg GFP plasmid + 1.2µg of CRISPR plasmids]. Each nucleofection 

mixture was placed transferred to Nucleocuvette™ and placed in the 4D-

Nucleofactor™ X unit. DN-100 programme was applied to the cuvettes. Post 

nucleofection cells were placed in the incubator at 37°C for 5min to recover. 

After incubation cells were seeded onto an appropriate cell culture plate 

previously coated with Matrigel™ in E8 TeSR media with ROCKi. Transfection 

efficiency was monitored by fluorescent microscopy at 24h and 48h post 

nucleofection and by flow cytometry at 48h post nucleofection.  

2.1.8. Flow cytometry  

For flow cytometry, cells were dissociated with TrypLE as described in the HiPSCs 

protocol. Dissociated cells were collected into a 15ml falcon tube, centrifuged 



Paulina Maria Durczak 34 The University of Nottingham 

at 300g for 3 minutes and the supernatant was removed. Cells were 

resuspended in 500l of PBS. For viability testing, Propidium Iodide (PI) dye was 

added at the final concentration of 2.5g/ml. Flow cytometry data analysis was 

performed on Beckman Coulter Kaluza Analysis Software. 

2.1.9. Puromycin kill curve 

R-PAT M cells were seeded at 20k/cm2 in 12 well plate format in commercial E8 

media with ROCKi and allowed to proliferate for 48hrs with daily media changes 

(commercial E8 only). At 48hrs, varying doses of puromycin were added to wells 

(0; 0.05g/ml; 0.1g/ml; 0.15g/ml; 0.2g/ml; 0.3g/ml and 0.4g/ml). 

Puromycin was added to the commercial E8 media with daily media changes for 

72hrs. Microscopy images of cells at all concentrations of puromycin were 

collected before each media change. Optimal puromycin concentration for 

selection was determined by virtual elimination of all cells after 48hrs. 

2.1.10. Manual cell dissection 

Following puromycin selection, targeted cells were allowed to recover and from 

colonies. Once the colonies reached optimal size (~500m), they were manually 

dissected under light microscope contained within a cell culture hood using a 

stem cell cutting tool (Invivogen, #14601). The stem cell colony was first cut into 

several small pieces, which were scraped off the bottom of the dish using the 

cutting tool. Once detached, the stem cell cutting tool was used to aspirate the 

fragments and transfer them to a well of a 24wp containing commercial E8 

media with ROCKi. A small fragment was also collected and placed in a PCR strip 

for direct genomic DNA extraction. 

2.1.11. Microscopy 

Fixed fluorescence microscopy was performed using Operetta® High content 

image analysis system (PerkinElmer). Columbus™ analysis software was used to 

quantify fluorescence intensity. For each experiment, three technical 

experiments were performed. A technical replicate represents a well of a plate, 

with 7-10 fields of each well captured and analysed. 
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2.2. Molecular techniques 

2.2.1. RNA extraction and cDNA synthesis 

For RNA extraction, RNeasy Mini Kit (Qiagen, #75162) with on-column DNase 

(Sigma-Aldrich, #DNASE70) digestion were used, following manufacturer’s 

instructions. Briefly, cells were washed once with PBS and lysed with 350l of 

RLT buffer. One volume of 70% ethanol was added to the lysed cells and mixed. 

The reaction was moved onto provided the provided RNA-binding column and 

centrifuged. Bound RNA was washed with 500l of RW1 and then DNase 

solution was applied to the column and left at RT for 15min. Following 

incubation with DNase, the column was washed with 500l of RW1 and then 

once with 700 l of RPE buffer. The column was dried by 1min centrifugation. 

RNA was eluted in 30l of nuclease free water (NFW). Concentration of the 

eluted RNA was measured using NanoDrop-1000 spectrophotometer. For cDNA 

synthesis, 500 ng RNA and 0.5 L random primers (Promega, 430 #C1181) with 

1 L of dNTPs (Promega, #U1511) per reaction were first denatured for 5 

minutes at 65oC and snap cooled to prevent re-formation of secondary 

structures. 4 L of 1st strand buffer, 0.1M dithiothreitol (DTT), 0.5 L RNase out 

and 0.125 L Superscript II (Invitrogen, 18054071) were added to each reaction 

and samples were placed in a thermocycler using settings: 10 minutes at 25oC, 

50 minutes at 42oC and 15 minutes at 70oC. cDNA was diluted in 600l of 

nuclease free water (NFW).  

2.2.2. Quantitative real-time PCR 

For qPCR, 5µL of cDNA was added to 7.5µL of SensiMix™ SYBR® & Fluorescein Kit 

(Bioline, #QT525-20). 0.6µL of forward and revers primers each and 1.3µL of 

NFW. Quantitative PCR was run on 7500 Fast Real-Time PCR system by Applied 

Biosystems with following settings: 1 cycle 5 minutes at 95oC, 40 cycles of 15 

seconds at 95oC, 30 seconds 60oC and 30 seconds at 75oC, melt curve stage 15 

seconds at 95oC, 60 seconds at 60oC, 30 seconds 95oC and 15 seconds at 60oC. 

All samples were run in triplicate. Porphobilinogen deaminase gene was used as 

an internal reference for all samples. Fold change in gene expression was 
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calculated using the comparative Ct method. Primers used are listed in Table 

2-2. 

 

Table 2-2 List of qPCR primers. 

Gene Forward primer Reverse primer 

AFP AAACTATTGGCCTGTGGCGA TTTTGTCCCTCTTCAGCAAAGC  

ALB  CTCGGCTTATTCCAGGGGTG  AAAGGCAATCAACACCAAGGC 

CXCR4  CACCGCATCTGGAGAACCA  GCCCATTTCCTCGGTGTAGTT 

FOXA2  GGGAGCGGTGAAGATGGA TCATGTTGCTCACGGAGGAGTA 

GATA4 TCCCTCTTCCCTCCTCAAAT TCAGCGTGTAAAGGCATCTG 

GATA6 GAGCGCTGTTTGTTTAGGGC GCTGACGTCTAGCTCCTCGG 

HHEX TGCATAAAAGGAAAGGCGGC TTGCTTTGAGGGTTCTCCTGT 

HNF4a ACTCTCCAAAACCCTCGTCG CCCTTGGCATCTGGGTCAAA 

NANOG CATGAGTGTGGATCCAGCTTG CCTGAATAAGCAGATCCATGG 

POUF1 AGTGAGAGGCAACCTGGAGA ACACTCGGACCACATCCTTC 

PBGD GGAGCCATGTCTGGTAACGG CCACGCGAATCACTCTCATCT 

PDX1 GATTGGC GTTGTTTGTGGCT GCCGGCTTCTCTAAACAGGT 

PROX1 ACGTCATCATTCCGAACCCC TTCCTGCATTGCACTTCCCG 

SOX17 CGCACGGAATTTGAACAGTA GGATCAGGGACCTGTCACAC 

SOX2 TGGACAGTTACGCGCACAT CGAGTAGGACATGCTGTAGGT 

TTR ACCGGTGAATCCAAGTGTCC GGTTTTCCCAGAGGCAAATGG 

BRA(T) TGCTTCCCTGAGACCCAGTT GATCACTTCTTTCCTTTGCATCAAG 

MIXL1 GGTACCCCGACATCCACTTG TAATCTCCGGCCTAGCCAAA 

EOMES ATCATTACGAAACAGGGCAGGC CGGGGTTGGTATTTGTGTAAGG 

CDX2 GGCAGCCAAGTAAAACCAG TTCCTCTCCTTTGCTCTGCG 

NKX2.1 GCTGCCTAAAACCTGGCGCCG ATGAAGCGGGAGATGGCGGGGAA 

DEANR1 ACATTTGGTAGCCCGTGGAG TCTTCCCCGGAGAACTAGCA 

DIGIT ACCACTCACGGCAAGCAG ACGCAGGCAGTCACTGATAA 

HULC ATCTGCAAGCCAGGAAGAGTC CTTGCTTGATGCTTTGGTCTGT 

CARMEN TAGGTGTTGGCTGAGTGCAG CCAACCACTCCCCAAACA 

CK19 TCCGAACCAAGTTTGAGACG GCCCCCTCAGCGTACTGATTT 

HLXB9 CACCGCGGGCATGAT C  ACT TCCCCAGGAGGT TCG A  

HNF1b GCACCCCTATGAAGACCCAG GGACTGTCTGGTTGAATTGTCG 

SOX9 CTCTGGAGACTTCTGAACGAGAG CCTTGAAGATGGCGTTGGGG 

LGR5 CTCCCAGGTCTGGTGTGTTG GAGGTCTAGGTAGGAGGTGAAG 

GATA2 ACTCCTTCACTCTCAGAGGC TCGAGGTGATTGAAGAAGAC 

GATA5 TCGCCAGCACTGACAGCTCAG TGGTCTGTTCCAGGCTGTTCC 

HEY1 TGGATCACCTGAAAATGCTG CGAAATCCCAAACTCCGATA 

HEY2 AGGCTACTTTGACGCACACG CAAGTGCTGAGATGAGACACAAG 

MSX1 AAACACAAGACGAACCGTAA GTACATGCTGTAGCCCACAT 

MSX2 AGTCGGAAAATTCAGAAGAT CATGGAGTCTATTGATCTG 

TBX2 GGCTTCACCATCCTAAACTCC AAACGGGTTGTTGTCGATCTT 

TBX3 AGTCGGGAAGGCGAATGTTT AGCGTGATCACTTGGGAAGG 

TBX20 AAGGAGGCGACGGAGAACA TCCTGCCCGACTTGGTGAT 

MAF CTCGTCTTTCCCCAGGACTT CCTCTTCTGCTTGGCTCTCT 

A1AT ACTTAGCCCCTGTTTGCTCC CGGCATTGTCGATTCACTGTC 

C/EBPa TATAGGCTGGGCTTCCCCTT AGCTTTCTGGTGTGACTCGG 
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2.2.3. rRNA depletion and RNA sequencing library preparation 

Total RNA extraction from R-PAT M and differentiated samples was performed 

as per protocol 2.2.1. RNA concentration was measured using Qubit®2.0 

Fluorometer (Invitrogen, #Q32857) with the Qubit® RNA BR Assay kits (Thermo-

Fisher; #Q10210) and its quality (RIN value) was assessed on 4200 Tapestation 

System (Agilent technologies; #G2991AA) using RNA ScreenTape Assay kit 

(#5067-5576). All sequences samples had a RIN value of 10. Ribosomal RNA 

(rRNA) depletion was performed using NEBNext® rRNA Depletion Kit (NEB; 

#E6350S) according to manufacturer’s instructions. The success of rRNA 

depletion was evaluated on 4200 Tapestation using High Sensitivity RNA 

ScreenTape Assay kit (Agilent Technologies; #5067-5579) (RIN ranges 1.0 -3.1).  

cDNA libraries were prepared using NEBNext® Ultra™ II Directional RNA Library 

Prep kits for Illumina (NEB; #E7760S) according to manufacturer’s instructions. 

For library multiplexing NEBNext®Multiplex Oligos for Illumina® Index set 1 

(NEB; #E7600S) and set 2 (NEB; #7780) were used. Following the library 

preparation, the concentration and library quality were assessed using the 4200 

Tapestation system with High Sensitivity D1000 ScreenTape Assay kit (#5067-

5584). Ready libraries were stored at -80°C. 

2.2.4. RNA sequencing and bioinformatic data analysis 

RNA sequencing and data analysis was outsourced to Babraham Institute, 

Cambridge, UK. The sequencing was performed on Illumina HiSeq sequencer by 

Dr Kristina Tabada to yield 30mln paired end reads per sample. Sequencing data 

quality control and data analysis were performed by Dr Simon Andrews. Reads 

were mapped using GRCh38_v97 Ensembl human genome. 

Differentially expressed genes (DExGs) between BMP and NOG samples were 

identified using DESeq2 function on SeqMonk Mapped Sequence Analysis tool 

(Babraham Bioinformatics, Cambridge). Heatmaps were generated using R 

script written by Dr Simon Andrews on R software. Overrepresentation analysis 

was performed using WebGestalt (http://www.webgestalt.org/) online tool. 

GSEA analysis of DExGs was performed using GSEA v4.3.2 software, GSEA graphs 

were created using the same software (Figure 2-1). Gene sets were downloaded 

http://www.webgestalt.org/
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from Molecular Signatures Database (https://www.gsea-

msigdb.org/gsea/msigdb/index.jsp). 

2.2.5. Chromatin immunoprecipitation (ChIP) 

For ChIP experiments, R-PAT M cells were seeded onto 100mm x 15mm round 

cell culture dishes to yield appropriate amount of cell per condition with easy 

access for cell scraping (Thermosifher Scientific, #150464). R-PAT M cells were 

differentiated to D1 and D2 LPCs according to the protocol 2.1.4 in the presence 

 

Figure 2-1 Features of the GSEA plot. 
DExGs were ranked from the highest to the lowest fold change value. GSEA analysis 
was done to identify gene sets of interest. a) Enrichment score plot: each gene from a 
gene set is checked against the ranked list of DExGs from our experiment (BMPvsNOG) 
and an enrichment plot is created. ES (enrichment score) is the maximum enrichment 
score reached by a gene set. It represents how much a gene set is overrepresented at 
the top (upregulated genes) and bottom (downregulated genes) of the ranked gene 
set; b) Ranked gene metric: each bar represents a gene from the gene set. It visualizes 
where on the ranked list of DExGs each individual gene from the gene set appears; 
Leading edge subset: appears before the ES for positive enrichment scores and after 
the ES for negative enrichment scores. It shows which genes contribute most to the 
gene set being upregulated/downregulated. c) Correlation with phenotype: the plot is 
created from the values of the ranking metric of the genes in the tested gene set. The 
value goes from positive to negative and, in our case, positive value indicates 
correlation with the first phenotype (BMP48) and negative value indicated correlation 
with the second phenotype (NOG48). 

https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
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or absence of BMP4 signalling. For ChIP experiments, BMP4 signalling was 

blocked with 2 dorsomorphin. ChIP was performed using Pierce™ Magnetic ChIP 

(Thermofisher Scientific, #26157). Cells were crosslinked using 10ml of 1% 

formaldehyde (FA; Merck, #F8775) and incubated for 10min at RT. FA was 

neutralised with 1ml of x10 glycine solution and incubated for 5min at RT. 

FA/glycine solution was removed from the dish and the cells were washed twice 

with 10ml ice-cold PBS. 10µl of Halt Cocktail were added to 1ml of ice-cold PBS 

applied to the dish. Cells were detached from the dish using a scraper (Fisher 

scientific; # 08-100-241), collected into 1.5ml Eppendorf tube and centrifuged 

for 5min at 3000g. PBS was removed and cell pellet taken for further procedure. 

200µl of Membrane Extraction Buffer was added to the cell pellet and it was 

mixed by pipetting the pellet up and down and vortexed for 15s. Cells were 

incubation with the solution on ice for 15min and then spun at 9000g for 3min. 

Supernatant was removed and the nuclei were resuspended in 200µl of MNase 

Digestion buffer working solution. 2µl of diluted MNase (dilution factor 

determined by previous optimisation) were added to the nuclei, vortexed and 

incubated in the water bath at 37°C for 15 min with mixing by inversion every 

5min. To stop MNase digestion, 20µl of MNase Stop Solution were added, 

vortexed and left on ice for 5min. Nuclei were retrieved by 5min centrifugation 

at 9000g and removal of supernatant. Nuclei were resuspended in 100µl of 1x 

IP Dilution buffer containing protease/phosphatase inhibitors. The tubes were 

sonicated using Diagenode Bioruptor. Three 30s pulses followed by 30s breaks 

at medium setting were applied. Samples were centrifuged at 9000g for 5min, 

and supernatants were transferred to a new 1.5ml Eppendorf for 

immunoprecipitation. 10µl of supernatant for each time point and condition 

was takes and stored at -20°C to serve as 10% input. The remaining 90µl of the 

supernatant was diluted in 410µl of 1x dilution buffer. 5µl of ChIP grade anti-

SMAD1/5/8 antibody (Cell signalling; #11971) and 5µl of Normal Rabbit IgG (Cell 

signalling; #2279) was added to test and control samples, respectively. 

Chromatin and antibodies were incubated overnight at 4°C with constant 

mixing. 20µl of A/G Magnetic Beads was added to each sample and incubated 

at 4°C with mixing for 2h. The beads were collected using a magnetic rack and 
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the supernatant was carefully collected and discarded. 1ml of IP wash buffer 

was added to the beads and incubated for 5min at RT while mixing. The wash 

procedure was completed a total of three times. To elute DNA, 150µl of 1x IP 

dilution buffer was added to the beads and the samples were incubated at 65°C 

for 30min with vigorous shaking. Proteinase K digestion solution was prepared 

using 6µl of 5M NaCl, 2µl of 20mg/ml proteinase. Following the 65°C incubation, 

beads were separated from the eluted DNA using magnetic rack, and the 

supernatant was placed in the tubes containing Proteinase K digestion solution. 

Input samples were prepared by thawing on ice and addition of 150µl of 1x IP 

Elution buffer and proteinase K digestion solution. All samples were vortexed 

and placed at 65°C for 1.5h. To recover the DNA, 750µl of DNA binding buffer 

was added to each sample, mixed and placed in the DNA clean up column 

inserted into a 2ml collection tube. The columns were centrifuged at 10 000g 

for 1min then washed with 750µl of DNA Column wash buffer. Once the wash 

buffer was removed by centrifugation at 10 000g for 1 min, the tubes were dried 

by another centrifugation at 10 000g for 2min. All columns were placed in a fresh 

collection tube and 50µl of DNA column elution buffer was applied directly to 

the column membrane. The columns were centrifuged at 10 000g for 1min. The 

eluted DNA was stored at -80°C until ChIP library preparation. 

2.2.6. ChIP library preparation, sequencing and data analysis 

ChIP library preparation was outsourced to DeepSeq Department at The 

University of Nottingham. Libraries preparation and sequencing was performed 

by Nadine Holmes. Data analysis was outsourced to Babraham Institute, 

Cambridge and performed by Dr Simon Andrews. 

2.2.7. Direct genomic DNA extraction 

DNA for PCR screening of targeted R-PAT M cells was extracted using Phire 

Tissue Direct PCR Master Mix (ThermoFisher, #F170S). Small colony fragment 

was placed in 0.6ml Eppendorf tube with 10l of media. 20l of dilution buffer 

and 0.5l of DNA release mix were added to the tube and vortexed for 30s. After 

short spin, the tube was left at RT for 5min. Next, the tube was placed in a heat 

block at 98oC for 3min and then spun and stored at -20oC. 
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2.2.8. PCR Genotyping 

Following puromycin selection, surviving colonies were dissected and moved to 

24well plate (2.1.10). Small fragment of each colony was saved for direct gDNA 

extraction (2.2.7). PCR genotyping was done using Phire master mix (MM) 

provided with Phire Tissue Direct PCR Master Mix. PCR reaction was set up as 

follows: 2µl of gDNA sample with 0.5µl of each primer, 5µl of MM and 2µl of 

NFW . Primer sequences and expected band length for each genotyping are in 

Table 2-3. PCR programme for each genotyping is stated in Table 2-4. 

 

 

 

Table 2-3 Primer sequences for OPTiKD lines genotyping, annealing temperatures for 
primers and expected gel electrophoresis band lengths. 

    Expected band length (bp) 

PCR 
type 

Primer name Primer sequence 
Annealing 

temp. 
Wild-
type 

Correctly 
targeted 

Plasmid 
integration 

Locus 

Locus 
Locus_fw 

CTGTTTCCCCTTCCC
AGGCAGGTCC 

65°C 1692 No band No band 
Locus 

Locus_rev 
TGCAGGGGAACGG

GGCTCAGTCTGA 

5’INT 

5’INT 
Locus_fw 

CTGTTTCCCCTTCCC
AGGCAGGTCC 

65.1°C No band 991 No band 
5’INT 

Locus_rev 
TCGTCGCGGGTGGC

GAGGCGCACCG 

3’INT 

3’INT 
OPTTetR_fw 

CCACCGAGAAGCAG
TACGAG 

69.4°C No band 1447 No band 
3’INT 

OPTTetR_fw 
TGCAGGGGAACGG

GGCTCAGTCTGA 

5’BB 

5'BB 
Backbone_fw 

ATGCTTCCGGCTCGT
ATGTT 

60°C No band No band 1227 

5'BB Puro_rev 
TGAGGAAGAGTTCT

TGCAGCTC 

3’BB 

3'BB 
OPTTetR_fw 

CCACCGAGAAGCAG
TACGAG 

60°C No band No band 1802 
3'BB 

Backbone_rev 
ATGCACCACCGGGT

AAAGTT 

CTRL 

SOX21 
AGCCCTTGGGGAST

TGAATTGCTG 
72.6°C 237 

SOX21 
GCACTCCAGAGGAC
AGCRGTGTCAATA - 
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2.2.9. Gel electrophoresis 

Agarose gel electrophoresis was preformed following genotyping, colony PCR, 

PCR amplification or plasmids digestions. DNA products were run on 1-3% 

agarose gels containing 10mg/ml ethidium bromide (Invitrogen; #15585011) at 

80V for 45min to 1.5h. DNA samples were either loaded with 6X loading dye 

(NEB#B57051S) diluted to 1X (digested plasmids and PCR products not amplified 

with Phire polymerase MM) or loaded directly into a well (Phire MM PCR 

products). Gels were visualised using LAS-4000 Fujifilm Luminescent Image 

Analyser.  

2.2.10. Immunostaining  

For immunostaining, cells were grown and differentiated on 48 well plates. Cells 

were fixed with 4% PFA for 20min at 4oC followed by two PBS washes. For 

permeabilization and blocking cells were treated with 0.1% TritonX in 10% 

donkey serum for 30min. Following that, primary antibody was added for 

overnight incubation at 4oC. All antibodies were diluted in 1% donkey serum in 

PBS, this solution was also used as a wash solution. Excess 1o antibody was 

removed with three 5min washes. 2o antibody was applied for 1 hour incubation 

at room temperature (RT) and removed with three 5min washes. For 2o antibody 

incubation, plates were covered to protect from light. For double staining, the 

procedure was repeated from application of the 1o antibody. DAPI (Sigma, 

#D9542) staining was applied during the second wash following 2o antibody 

 
Table 2-4 PCR programme for genotyping reactions with Phire polymerase MM. 
*annealing temperature stated in Table 2-3. 

PCR programmes for Phire polymerase  

Stage Temp Time 

Initial denaturation 98°C 5min 

Denature template 98°C 10s 

35 cycles Anneal primers * 30s 

Extension 72°C 2min 

Final extension 72°C 30s 

Hold 10°C ∞ 
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incubation. Details of antibodies used are provided in Table 2-5. Cells were 

imaged using Operetta High Content Imagining System. 

2.2.11. Building of the pAAV_puro_MsiKD plasmids 

2.2.11.1. Plasmid digestion 

pAAV_puro_siKD diagnostic digest:  

Diagnostic plasmid digestion was performed using EcoRI and PsiI restriction 

enzymes. 1µg of the pAAV_puro_siKD plasmid was digested with 1µl of each 

enzyme in 5µl of CutSmart buffer and 37µl of NFW. The reaction was incubated 

at 37°C for 1h. 

pAAV_puro_siKD plasmid preparation for ligation with shRNA inserts: 5µg of the 

plasmid was digested with 3µl of BglII (NEB; #R0144) and 3µl of SalI (NEB; # 

R3138S) restriction enzymes in the presence of 3µl of Shrimp Alkaline 

Phosphatase (rSAP; NEB; #M0371S) for dephosphorylation. 9µl of NEB3.1 buffer 

and NFW up to 90µl was added. The mixture was incubated at 37°C for 2hrs. 

pAAV_puro_siKD plasmid preparation for Gibson assembly: 5µg of the plasmid 

was digested with 5µl of BstBI (NEB; #R0519S) and 5µl of HincII (NEB; #R0103S) 

restriction enzymes in 10µl of Cutsmart buffer (NEB) and NFW up to 100µl. The 

mixture was incubated for 1h and 30min at 37°C.  

 

Table 2-5 Details of antibodies used for immunocytochemistry and ChIP. 
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2.2.11.2. Design of shRNA oligos 

To maximise the chances of high levels of knockdown of each candidate TF, 

PubMed database was searched for published sequences of shRNA/siRNAs 

shown to efficiently knockdown our selected genes. Where previously validated 

shRNA sequence could not be found, Broad Institute’s The RNAi Consortium 

(TRC) shRNA library has been used to select shRNA sequence with high 

predictive values for induction of knockdown (Table 2-6).  

 

Once the siRNA/shRNA sequences have been identified for each gene, BLOCK-

IT RNAi designer software tool was used to obtain a full shRNA sequence. As per 

 

Table 2-6 Sequence of si/shRNAs for knock down of candidate TF genes. 
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(Bertero et al., 2016) protocol, additional base pairs were added to each end of 

the shRNAs sequence to create sticky ends compatible with BglII and SalI 

restriction enzymes (Figure 2-2). Top and bottom strands were synthetised by 

Sigma and annealed, phosphorylated and purified creating shRNAs ds oligos 

ready for cloning into the empty pAAV_puro_siKD vector. 

2.2.11.3. Annealing of shRNA oligos 

5µl of 200µM top oligo and 5µl of 200µM of bottom oligo were added to 1µl of 

T4 polynucleotide kinase (NEB; #M0201S) and 2µl of T4 DNA ligase reaction 

buffer (NEB; M0202S), topped up with NFW to 20µl. Phosphorylation, 

denaturing and annealing was done in a thermocycle according to the following 

programme (lid at 95°C):  

• 37°C for 1h 

• 95°C for 5min  

• Ramp down to 80°C at 0.1°C/s 

• 80°C for 4min 

• Ramp down to 75°C at 0.1°C/s 

• 75°C for 4min 

• Ramp down to 70°C at 0.1°C/s 

• 70°C for 4min 

• Ramp down to 10°C at 0.1°C/s 

• 10°C hold; 

Annealed oligos were stored at -20°C for up to two weeks. 

 

Figure 2-2 Design strategy of the shRNA ds oligos.  
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2.2.11.4. Ligation of cut vector with annealed shRNA oligos 

Annealed oligos were first diluted with NFW at a ratio of 1:500. 4µl of diluted 

oligos was added to 50ng of cut vector and ligated with the use of 1µl of T4 DNA 

ligase in 2µl of T4DNA ligase buffer and NFW topped up to 10µl. The mixture 

was left at RT for 1h. The ligated plasmid was transformed according to protocol 

2.2.11.5.  

2.2.11.5. Bacterial transformation 

For plasmid transformation, NEB® 5-alpha Competent E.coli (High efficiency) kit 

was used (NEB; #C2987H). Bacteria were removed from -80°C storage and 

thawed on ice for 10min. 50ng of plasmid was added to the 50l of bacteria and 

mixed by gently flicking the tube. The tube was placed on ice for 30min. Next, 

the tube was placed in water bath at 42°C for 30s and placed straight back on 

ice for 2min. 250µl of SOC media was added and the tube was placed in shaking 

incubator at 37°C, 225rpm for 1 hour. Following incubation, 100µl of bacteria in 

SOC was streaked a previously prepared LB agar plate with 100µg/ml of 

Ampicillin. The plate was placed at 37°C for 14-16h.  

2.2.11.6. Bacterial colony PCR to identify correctly ligated plasmids 

Single colonies were picked from the agar plates cultured overnight. Each colony 

was diluted in 10µl of NFW. 5µl were placed in 200µl LB broth for future 

expansion and 5µl were taken for PCR. PCR reaction contained 5µl of the diluted 

colony, 0.5µl of forward and reverse primers each, 0.5µl of dNTP (NEB; 

#N0447S), 2µl of Taq reaction buffer and 0.125 Taq polymerase (NEB; M0273S), 

topped up with NFW to 20µl. PCR was run on thermocycler according to the 

following programme:  

Bacterial colony PCR 

Stage Temp Time 

Initial denaturation 95°C 5min 

Denature template 95°C 30s 

35 cycles Anneal primers 60°C 30s 

Extension 72°C 1min 

Final extension 72°C 1min 
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Hold 10°C ∞ 

 

4µl of loading dye (NEB; #B7025) was added to the samples following the PCR 

reaction. Samples were run on 1.2% agarose gel for 1h at 80V. Following 

identification of plasmids with correct band length, 3 candidates for each 

pAAV_puro_siKD construct were amplified (), purified (2.2.11.10) and sent for 

Sanger Sequencing with Source Bioscience to verify correct sequence of each 

insertion. 

2.2.11.7. PCR amplification 

To produce shRNA cassettes for pAAV_puro_MsiKD plasmid building, 

pAAV_purp_siKD plasmids with appropriate shRNAs were PCR amplified with 

the use of primers containing regions of homology for Gibson assembly 

(supplementary figure). 4ng of plasmid was amplified using 10µl of forward and 

reverse primers each (5µM), 1µl of dNTPs (NEB; #N0447S), 1µl of Phusion 

polymerase (NEB; #M0530S) in 10µl of high fidelity Phusion buffer. The reaction 

was made up with NFW up to 50µl. 4 PCR reaction were made up for each 

amplified cassette. The thermocycler run on the following settings: 

shRNA cassettes amplification 

Stage Temp Time 

Initial denaturation 98°C 1min 

Denature template 98°C 10s 

35 cycles Anneal primers 65°C 30s 

Extension 72°C 30min 

Final extension 72°C 30s 

Hold 10°C ∞ 

Following PCR, the 4 reactions were pooled and amplified DNA was purified 

according to 2.2.11.12. The DNA concentration was measured using NanoDrop-

1000 and 2µg of each cassette were run on 1% agarose gel for 1h at 80V. Bands 

in the region of 400bp were excised and purified following 2.2.11.11 protocol. 

DNA concentration following gel extraction was measure using NanoDrop-1000. 

Fragments were stored at -20°C. 
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2.2.11.8. Gibson assembly 

Gibson assembly was performed using Gibson Assembly® Cloning Kit (NEB, 

#E5510). 150ng of cut pAAV_puro_siKD vector digested with appropriate 

restriction enzymes, 35ng of each purified DNA insert, 10µl of master mix and 

nuclease free water up to 20µl were added to 0.6ml Eppendorf tube and mixed. 

The tube was incubated for 1h at 50°C in a thermocycler. Following the 1h 

incubation, 2µl of the assembly mixture was transformed in DH5 as described 

in 2.2.11.5. 

2.2.11.9. Plasmid amplification 

To amplify a plasmid following bacterial transformation, a fragment of bacterial 

colony or 5µl of bacterial suspension was placed in 5ml of LB broth with 

100µg/ml Ampicillin and incubated at 14-16h in shaking incubator at 37°C.  

2.2.11.10. Plasmid purification 

All plasmids were purified using PureYieldTM Plasmid Miniprep System 

(Promega, #A1222). 3ml to 5ml of overnight liquid broth culture were spun for 

30s at 16000g. The supernatant was collected and discarded. The pellet was 

resuspended using a pipette in 600l of TE buffer. 100ml of cell lysis was added 

and mixed with the cells by inverting 6 times. 350ul of cold Neutralization 

Solution was added and mixed by inverting the tube then spun for 3min at 

16000g. The supernatant was transferred to a PureYieldTM column and 

centrifuged at 16000g for 15s. The column was washed twice: first with 200l 

of Endotoxin Removal Wash and then with 400l of Column Wash Solution. The 

washed were moved through the column by centrifugation at 16000g. For 

elution of the plasmid, the column was placed in a clean collection tube and 30l 

of nuclease free water (NFW) was applied directly to the column membrane. 

After 4 min incubation at RT, the column was spun for 1min at 16000g. The 

eluted plasmid was checked for concentration and purity on NanoDrop-1000 

and stored at -20oC. 
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2.2.11.11. DNA purification from agarose gel 

DNA fragments from PCR amplification were purified using QIAquick PCR and 

Gel Cleanup kit (Qiagen; #28506). PE buffer was prepared on receiving the kit 

following manufacturer’s instructions. DNA band of appropriate length was cut 

out from the gel using a scalpel, weighted and placed in 1.5ml Eppendorf. PB 

buffer was added to the tube in a ratio 3:1 of buffer to gel volume.  The tube 

was incubated for 10min at 50°C, vortexing occasionally to dissolve the gel 

completely. 1 gel volume of isopropanol was added to the tube and mixed. The 

sample was applied to the QIAquick column and centrifuged for 1min at 16000g. 

The column was washed with 500µl of QG buffer and centrifuged for 1min at 

16000g. Two 750µl washes with Buffer PE followed. The column was dried by 

centrifuging at 16000g for 1min. 30µl of NFW was applied to the column and 

incubated for 4min at RT to maximise the yield of purified DNA. The column was 

spun, and DNA concentration was measured using NanoDrop-1000. PCR 

fragments were stored at -20°C. 

2.2.11.12. PCR product purification  

DNA purification directly following PCR amplification was performed using 

QIAquick PCR and Gel Cleanup kit (Qiagen; #28506). PE buffer was prepared on 

receiving the kit following manufacturer’s instructions. PB buffer was added to 

the tube in a ratio 5:1 of buffer to PCR reaction volume and mixed. The sample 

was applied to the QIAquick column and centrifuged for 1min at 16000g. The 

column membrane was washed twice with 750µl of PE buffer. The column was 

dried by centrifuging at 16000g for 1min. 30µl of NFW was applied to the 

column and incubated for 4min at RT to maximise the yield of purified DNA. The 

column was spun, and DNA concentration was measured using NanoDrop-1000. 

PCR fragments were stored at -20°C. 

2.2.11.13. Sanger sequencing 

For sample sequencing samples were sent to Source Bio Science, Nottingham. 

Sequencing results were visualised and compared using SnapGene Viewer 6.0.5. 
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2.3. Statistical analysis 

All statistical analysis, excluding RNA sequencing, was performed using 

GraphPad Prism. Data is presented as mean ± standard deviation (SD), 

determined based on three technical replicates for qPCR. Flow cytometry data 

was based on biological replicates. Statistical significance was determined using 

the most relevant statistical test, and indicated as follows: ns ≥ 0.05; *p ≤ 0.05; 

**p < 0.01; ***p < 0.001; ****p < 0.0001. Applied statistical tests are stated in 

the figure legends.  
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Chapter 3. Characterization of hiPSCs differentiation 

protocols for the use in modelling of early human 

endodermal development 

3.1. Introduction 

3.1.1. Pluripotent stem cells as a model of human development 

The exact molecular mechanisms governing each stage of hepatogenesis are still 

not fully understood. Animal models, such as Xenopus, mice, rats or chicken 

helped to identify the major genes and signalling pathways governing liver 

development, however not all off the findings of animal research translate to 

humans (Lal et al., 2016, Odom et al., 2007). Since their derivation, PSC have 

been applied for modelling of human development. They provide a species 

relevant model and circumvent the ethical issues connected to the maintenance 

of human embryos in in vitro culture. PSC can be differentiated into virtually any 

cell type of the body by addition of specific developmental signals at carefully 

controlled time intervals. Hannan group has established protocols for PSC 

differentiation into various lineages of endodermal origin (Hannan et al., 2013a, 

Hannan et al., 2013b, Hannan et al., 2015, Cho et al., 2012, Sampaziotis et al., 

2015). Each protocol attempts to simulate events occurring during 

development, as described in the introduction (1.2) and induces PSC to go 

through progenitor stages to terminally differentiated cells by addition of small 

molecules or growth factors at specified times (Figure 3-1). The first stage of 

each protocol is directing PSC towards definitive endoderm, the earliest 

progenitor of endodermal organs. In our protocol, Activin A and Wnt3a are 

added to cell media to induce PSC to differentiate towards DE. Activin A is a 

member of TGF family that mimics the action of Nodal. It is sufficient to induce 

the expression of endodermal genes, such as SOX17 or GSC, but not to suppress 

pluripotency factors, such as NANOG or OCT4 (Touboul et al., 2010). Addition of 

Wnt3a during the DE specification has been shown to improve the level of 

expression of endodermal genes and suppression of pluripotency genes (Hay et 
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al., 2008). Once DE identity is established, as assessed by the expression of 

endoderm specific genes, DE can be further patterned along the anterior-

posterior axis to form foregut, midgut or hindgut depending on which signalling 

pathways are activated. ActA induces expression of foregut gene HHEX, while 

supressing CDX2. CHIR99021, a GSK3β inhibitor and hence Wnt signalling 

activator, induces hindgut fate in DE cells, as shown by expression of CDX2 

(Hannan et al., 2013a). After 4 days of signalling with either ActA or CHIR99021, 

DE cells will form foregut or hindgut monolayer, respectively. HG cells can 

further be differentiated to gut organoids, while foregut cells are precursors of 

thyroid, lung, liver or pancreatic cell types. 

To induce FG cells towards pancreatic fate, we add Retinoic Acid (RA) which 

drives the specification towards pancreatic fate. BMP inhibitor Noggin is added, 

as BMP signalling blocks pancreatic specification and drives FG cells towards 

hepatic lineage. Additionally, ActA signalling is blocked using SB431542 as it also 

directs FG cells to alternative fates and blocks the expression of pancreas 

specific genes. FGF10 signalling blocks the expression of gut marker, CDX2 and 

maintains proliferation of the differentiating cells (Cho et al., 2012).  

Induction of liver progenitor fate from FG cells is achieved by signalling with 

BMP4 and FGF10, two factors necessary for the formation of the liver bud (Rossi 

et al., 2001, Shin et al., 2007). Additionally, in our protocol we inhibit ActA 

signalling with SB431542, as it has been shown to improve the expression of 

hepatic markers in liver progenitor cells (Touboul et al., 2010). Once liver 

progenitor cells (LPCs) are established, they can be matured to either 

hepatocyte like cells or biliary epithelial like cells by the use of appropriate 

growth factors and small molecules (Hannan et al., 2013b, Sampaziotis et al., 

2015).  

There are numerous protocols for differentiation of iPSCs into cells of 

endodermal origin. They can differ in numerous aspects, such as the use of 

different growth factors or small molecules, basal media or the matrix on which 

the cells are cultured. The timeframes for each cell type can also differ between 

the protocols. As currently there are no internationally agreed standards on 
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what the best route of differentiation towards each lineage is, it is important to 

show that each protocol used renders cells with correct gene and protein 

expression profile, as determined with the help of previous research. Therefore, 

our project starts with the characterization of our differentiation platform 

showing that the protocols we use produce cells of the desired type.  
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Figure 3-1 The overview of protocols for human iPSCs differentiation towards endodermal lineages used in this thesis. 
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3.1.2. Transfection methods for nucleic acid delivery into foregut cells 

The objective of this thesis is to study the genetic regulators of early endodermal 

fate choices, in particular the transcription factors (TFs) responsible for 

mediation of BMP4 signalling during LPC specification. The most common way 

to study a gene’s function is its knockdown (e.g.: siRNA), knockout (e.g.: using 

CRISPR/Cas9) or overexpression followed by analysis of the consequences of the 

genetic modification. Those studies require the introduction of nucleic acids or 

proteins into the cells, a process called transfection. First transfection method 

was described in the 1960s and since then numerous new approaches have 

been developed (Chong et al., 2021). The most suitable transfection method is 

determined by the purpose of the experiment.  Stable transfection, when the 

genetic material integrates into the host genome, is used for the creation of 

stable cell lines, large scale protein production or gene therapy. Transient 

transfection, when the delivered nucleic acids are temporarily inducing changes 

in the cells, can be used to study gene’s function in small scale experiments e.g.: 

gene knockdown with siRNA (Dong et al., 2018). 

Whether the transfection is to be transient or stable, the nucleic acid material 

has to be delivered into the cells. There are several methods available for 

DNA/RNA delivery into the cells, briefly summarized in Table 3-1. Ideally, the 

selected method for transfection should be highly efficient with minimal toxicity 

to the cells. However, other factors must also be considered when choosing the 

method, such as cost, available equipment, operator’s skill and safety. Once the 

method is selected, it requires a degree of optimization to achieve optimal 

transfection efficiency.
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Table 3-1 A brief summary of available transfection methods (Chong et al., 2021, Fus-Kujawa et al., 2021) 
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3.2. Chapter aims and objectives 

In this chapter, we aim to characterize our differentiation platform and 

demonstrate that it is suitable for modelling of early stages of human liver 

development while optimizing a transfection method for nucleic acid delivery 

into cells with the following objectives: 

• Human iPSCs can be applied to modelling of human development 

• Foregut monolayer and hiPSCs can be efficiently transfected using lipid 

and mechanical methods 

3.3. Results 

3.3.1. Characterization of iPSC differentiation to endodermal lineages for study 

of early human development 

R-PAT M hiPSC cell line was differentiated to definitive endoderm (DE) and 

foregut cells following the protocol specified in Figure 3-2a. The morphological 

changes happening during the differentiation to FG are presented in Figure 

3-2b. Upon induction of differentiation to DE cells begin to proliferate and undergo 

morphological changes consistent with epithelial to mesenchymal transition (EMT). 

R-PAT M cells form loose colonies and have high nucleus to cytoplasm ratio. By DE 

D3 the cells form a densely packed monolayer and increase in size. Cells that fail to 

differentiate die off. Establishment of a homogenous layer of DE cells allows for 

anteroposterior patterning depended on the delivery of specific growth factors. 

ActA induces FG fate which results in further proliferation and modification of cell 

morphology to a rhomboidal shape. Morphological changes were accompanied by 

changes in gene expression as analysed by qPCR. Pluripotency genes gradually 

decrease as the differentiation progresses, while mesendoderm genes: BRA(T) and 

MIXL1, transiently increase, peaking at DE D2. (Figure 3-3a). This indicates that the 

cells progress through the primitive streak stage. As the differentiation continues, 

endodermal genes are upregulated with peak SOX17 and FOXA2 levels at DE D3. 

There is also upregulation of CXCR4, GATA4 and EOMES (Figure 3-3b). Once DE 

monolayer is established at DE D3, cells are further induced towards anterior 

foregut fate by signalling with Act A only. High levels of SOX17, FOXA2 and CXCR4 
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are maintained though the FG stage of differentiation. The specificity of FG 

differentiation is confirmed by HHEX expression and lack of midgut- and hindgut-

specific markers: PDX1 and CDX2, respectively (Figure 3-4a). At FG D4 there is also 

no expression of liver or lung specific genes indicating that the FG cells are not 

primed towards any specific cell lineage (Figure 3-4b). We were also able to detect 

increase in the levels of DE specific lncRNAs: DEANAR and DIGIT, while the levels of 

mesoderm specific lncRNA CARMEN or liver/pancreatic cancer associated lncRNA 

HULC remained virtually undetectable (Figure 3-5). 
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Figure 3-2 R-PAT M differentiation to DE and FG.  
a) Schematic presentation of differentiation of hiPSC to DE and FG cell types; b) Light microscopy images of R-PAT M (p21) hiPSC differentiating to 

DE and FG. Scale bar = 200m. 
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Immunostaining analysis showed that by DE D3 less than 15% of cells expressed 

NANOG, less than 3% of cells expressed OCT4 and less than 1% SOX2 (Figure 3-6). 

SOX17 was expressed by over 90% of cells and FOXA2 by over 95% of cells by DE 

D3. BRA(T) levels peaked between DE D1 and DE D2, with 55% and 64% of cells 

staining positively for this marker, respectively (Figure 3-7). 

Immunostaining of foregut cells showed continued high expression (over 95%) of 

SOX17 and FOXA2 and no expression of CDX2 (Figure 3-8).  
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Figure 3-3 Gene expression changes during R-PAT M differentiation towards DE and FG.  
qPCR analysis of changes in a) pluripotency genes; b) mesendoderm genes; c) DE specific 
genes; Mean expression value at each day compared to iPSCs using one way ANOVA with 
Dunnett’s multiple comparison test (n=2) 
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Figure 3-4 R-PAT M differentiation renders cells expressing FG specific markers.  
a) QPCR analysis shows expression of FG specific marker HHEX with no expression of mid- 
and hindgut specific markers. b) FG cells are not primed towards liver or lung 
progenitors. Mean expression value at each day compared to iPSCs using one way 
ANOVA with Dunnett’s multiple comparison test (n=2) 
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Next, R-PAT M hiPSC cell line was differentiated to definitive endoderm (DE) and 

hindgut cells following the protocol specified in Figure 3-9a. Appropriate marker 

expression profile was checked by qPCR and immunostaining. Once signals 

inducing the formation of HG are delivered after DE D3, the cells elongate and 

form a more densely packed monolayer with spheroids appearing usually 

around HG D4 (Figure 3-9b). Gene expression profile by qPCR shows 

upregulation of hindgut specific factor CDX2 from HG D1 and rapid suppression 

of FG marker CXCR4. PDX1, a gene specific for midgut development is virtually 

undetectable. HNF4 TF important for liver as well as colon development, is 

upregulated on HG D2 and there is a continued expression of broader 

endodermal factors such as FOXA2, SOX17 and GATA4 from DE stage 

throughout HG stage (Figure 3-9c). Immunostaining analysis confirmed high 

expression of endodermal markers SOX17 and FOXA2, and upregulation of 

hindgut specific marker, CDX2 (<95% of cells positive by HG D4) (Figure 3-10 

 

Figure 3-5 LncRNA expression during R-PAT M differentiation towards DE and FG.  
QPCR analysis shows upregulation of endoderm specific lncRNAs DEANR1 and DIGIT, 
while cancer specific lncRNAs  are not expressed. Mean expression value at each day 
compared to iPSCs using one way ANOVA with Dunnett’s multiple comparison test (n=2).  
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Figure 3-6 Pluripotency marker expression profile during R-PAT M differentiation towards 
DE.  

a) Immunostaining images of differentiating R-PAT M cells. Scale bar = 200m; b) 
Quantification of immunofluorescent images shows gradual decrease in pluripotency 
markers; Mean fluorescence intensity at each day compared to iPSCs using one way 
ANOVA with Dunnett’s multiple comparison test (n=3).  
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Following successful differentiation towards FG, R-PAT M cells were further induced 

towards hepatic and pancreatic fates following protocols in Figure 3-11a. During 

the specification of LPC from the FG, the cells undergo subtle morphological 

changes. The cells enlarge and become more rounded. During PPC specification 

from FG, the morphological changes are more pronounced and result in the 

formation of tight monolayer (Figure 3-11b). On the molecular level, LPC start 

expressing hepatic transcription factors such as TTR and HNF4 from LPC D1 and 

by LPC D4 there is a good expression of hepatic (AFP, ALB) and cholangiocyte (CK19) 

genes, demonstrating the bipotential nature of LPCs. At the same time, there is no 

expression of pancreas specific genes such as HLXB9 or PDX1, indicating that the 

pancreatic fate has been efficiently suppressed. PPCs show good expression of 

pancreas specific markers such as HLXB9, PDX1, SOX9, HNF1 and GATA6, with no 

expression of hepatic markers such as AFP or TTR, indicating that the protocol 

specifically produces PPCs (Figure 3-12). 
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Figure 3-7 Mesendoderm marker expression during R-PAT M differentiation towards 
DE.  

a) Immunostaining images of differentiating R-PAT M. Scale bar = 200m; b) 
Quantification of fluorescence intensity shows transient increase in BRA(T) gene and 
gradual increase of SOX17 and FOXA2; Mean fluorescence intensity at each day 
compared to iPSCs using one way ANOVA with Dunnett’s multiple comparison test 
(n=3). 
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Figure 3-8 Endodermal marker expression in R-PAT M cells differentiated to FG.  

a) Immunostaining images of differentiating R-PAT M cells. Scale bar = 200m; b) High 
percentage (>95%) of FG cells express endoderm markers, SOX17 and FOXA2. Mean 
fluorescence intensity at each day compared to iPSCs using one way ANOVA with 
Dunnett’s multiple comparison test (n=3). 
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Figure 3-9 R-PAT M differentiation to HG.  
a) Schematic of differentiation of hiPSC towards hindgut fate; b) Microscopy images of 

morphological changes during DE specification towards HG. Scale bar=200m; c) QPCR 
analysis of gene expression changes. Mean fluorescence intensity at each day compared 
to iPSCs using one way ANOVA with Dunnett’s multiple comparison test (n=3). 



Paulina Maria Durczak 70 The University of Nottingham 

 

 

Figure 3-10 Endodermal marker expression in R-PAT M cells differentiated to HG.  

a) Immunostaining images of differentiating R-PAT M cells. Scale bar = 200m; b) At HG 
D4 high percentage of cells (>95%) express CDX2. Mean fluorescence intensity at each 
day compared to iPSCs using one way ANOVA with Dunnett’s multiple comparison test 
(n=3). 
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Figure 3-11 R-PAT M differentiation towards LPC and PPC.  

a) Schematic of differentiation protocols; b) Microscopy images of morphological changes during differentiation. Scale bar = 100 m;  
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Figure 3-12-Gene expression profile of R-PAT M differentiation to LPC and PPC. 
QPCR analysis of gene expression in LPCs and PPCs. Mean fluorescence intensity at each day compared to iPSCs using one way ANOVA with Dunnett’s multiple 
comparison test (n=3). 
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3.3.2. Manipulation of signalling pathways during endodermal linage 

development 

To further demonstrate that our platform is a reliable model for human 

endoderm development we have manipulated specific signalling pathways to 

show their importance for directed differentiation in line with events occurring 

during the in vivo development.  

CDX2 TFs has been shown to be essential for the establishment of intestinal 

identity during patterning of the primitive gut tube in mice (Gao et al., 2009) and 

that its expression is activated by Wnt signalling (Sherwood et al., 2011). 

Therefore, inhibition of Wnt signalling during HG specification from DE should 

abolish CDX2 expression and prevent the acquisition of intestinal identity by DE 

cells. R-PAT M cells were differentiated towards HG fate with either the addition 

of CHIR99021 or DKK-1. CHIR99021 is a small molecule activator of Wnt 

signalling. It activates Wnt signalling by selective inhibition of glycogen synthase 

kinase 3 (GSK-3), an enzyme in the Wnt signalling pathway that is part of a 

complex degrading -catenin, a transcriptional co-activator. Dickkopf related 

protein 1 (DKK-1) is a Wnt antagonist. It inhibits Wnt signalling by forming a 

complex with LRP5/6 receptors, making them unavailable for the Wnt ligand. 

Cells differentiated to HG in the absence of Wnt signalling show morphology 

resembling that of FG rather than HG, with cells remaining loosely packed and 

rhomboidal in shape (Figure 3-13a). The cells fail to express HG specific TF CDX2.  

There is a slower and weaker suppression of FG specific CXCR4 in cells treated 

with DKK-1 and weaker activation of HNF4. There are differences in the level 

of expression of other endodermal markers such as SOX17 and GATA4, while 

inhibition of Wnt signalling seems to have no effect on FOXA2 expression. DKK-

1 treated cells also started expressing TTR gene, which is a marker of liver 

specification and fail to upregulate a marker of intestinal progenitor cells, LGR5 

(Figure 3-13b). This shows that our development model mirrors the results of in 

vivo experiments on mouse embryos. As similar experiments are not possible on 
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human embryos, hiPSC differentiation can be a reliable alternative for a more 

detailed study of the human liver development.  
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Figure 3-13 Wnt signalling pathway manipulation during specification of HG cells.  

a) Light microscopy image of morphological differences. Scale bar = 100m; b) QPCR analysis of gene expression profiles of HG cells differentiated in the 
presence (CHIR) or absence (DKK-1) of Wnt signalling. Data presented as mean ± SD. Multiple unpaired t-tests with Welch correction (n=2). 
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3.3.3. Transfection optimization of foregut 

The interest of this study are TFs responsible for the specification of LPC from 

foregut cells under the direction of BMP4 signalling. To study the gene function, 

cell transfection of the foregut monolayer right before induction towards 

hepatic fate will be necessary.  

Our choice of method of transfection was chemical transfection with 

Lipofectamine, due to its cost, simplicity of use and previous experience. GFP 

plasmid was used to monitor transfection efficiency by fluorescent microscopy 

or flow cytometry. R-PAT M cells differentiated to FG were transfected with 

varying ratios of Lipofectamine to DNA to identify the amount of reagent giving 

the best transfection efficiency. The cells were transfected at FG D2, FG D3 and 

FG D2 and FG D4 to identify the best timing for transfection. GFP fluorescence 

was checked 24 hours post transfection. Fluorescent microscopy images 

revealed very few cells positive for GFP (Figure 3-14a). Flow cytometry analysis 

confirmed low transfection efficiency with less than 10% of cells expressing GFP 

when cells were transfected at FG D2 and FG D4 (Figure 3-14b). The 10% rate of 

transfection success is insufficient for our experimental needs, therefore we 

tested several other lipid transfection reagents available. Four reagents were 

selected for testing: X2 (Mirus), FuGene (Promega), K2 (Biontex) and K4 

(Biontex). The selected reagents were appropriate for the transfected material 

and cell type. FG D3 cells were transfected with two different ratios of reagent 

to DNA for each tested reagent. Transfection efficiency and cell toxicity was 

qualitatively assessed using light and fluorescent microscopy. X2, FuGene and 

K4 at 2:1 ratio seemed to have the highest transfection efficiency although 

overall, the transfection efficiency appeared very low for all tested reagents. 

Additionally, 4:1 ratio of all reagents seemed to cause substantial cell toxicity as 

evident by the thinning of the FG monolayer 24hrs post transfection (Figure 

3-15). 
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Figure 3-14 Determination of transfection efficiency using Lipofectamine.  
a) Light and fluorescent microscopy images of FG cells transfected at various points 

during the specification and with varying Lipofectamine:DNA ratio. Scale bar = 100m; b) 
Quantification of GFP+ cells using flow cytometry; n=1. 
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Figure 3-15 FG transfection efficiency tests.  
R-PAT M cells differentiated to FG were transfected at FG D3 with varying ratios of reagent to DNA of 4 different reagents. Cell viability and GFP expression were 

checked using light and fluorescent microscopy 24, 48 and 72hrs post transfection. Scale bar: 100m. 



Paulina Maria Durczak 79 The University of Nottingham 

 

3.3.4. Transfection optimization of iPSCs 

As the transfection of FG monolayer was inefficient in our hands, we decided to 

change the approach to gene studies and employ a tetracycline inducible system 

that can be introduced into the cells at the undifferentiated stage and its effects 

studied at a chosen time of cell differentiation. Therefore, it was now necessary 

to identify an efficient method for hiPSC transfection.  

First, we tested four different lipid reagents (Figure 3-16). K2 and K4 showed 

very few GFP positive cells and appeared cytotoxic. FuGene and LT1 reagents 

appeared to achieve the best transfection efficiency (either ratio) from the 

reagents tested with minimal cell toxicity. However, on close examination both 

of those reagents seemed to transfect cells mainly at the edge of the colonies. 

R-PAT M cells form colonies that are denser in the middle and more loosely 

packed on the edges. The lipid reagents seemed to mainly access the cells on 

the edge of the colonies while a substantial amount of the tightly packed cells 

in the middle of the colony remained untransfected (Figure 3-17). 

Next, due to the difficulty of accessing the tightly packed cells in the middle of 

the colony, we tested a physical method of transfection: nucleofection. For 

nucleofection cells are dissociated which would eliminate the problem of tightly 

packed colonies being inaccessible to the transfection reagents.  
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Figure 3-16 R-PAT M transfection efficiency testing.  

R-PAT M cells were transfected with varying ratios of reagent to DNA. GFP expression was tested 24 and 48hrs post transfection. Scale bar: 100m. 
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To achieve maximum transfection efficiency, we screened seven nucleofection 

programmes recommended for hiPSC on Amaxa-4D nucleofector to identify the 

most optimal one. R-PAT M cells were transiently transfected with pmaxGPF 

vector provided as positive control with the Lonza P3 primary cell nucleofection 

kit. GFP expression was checked microscopically at 24 and 48hrs post 

nucleofection (Figure 3-18a) and cells were collected for flow cytometry analysis 

48hrs post nucleofection. For flow cytometry analysis cells were additionally 

 

Figure 3-17 R-PAT M transfection with lipid reagents.  
a), b) Light and fluorescent microscopy images of R-PAT M cells transfected with FuGene 
and LT1 regents, respectively. Red arrows point to denser areas of the R-PAT M colonies 

that remain untransfected. Scale bar = 100m. 
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stained with PI dye to assess cell viability. All seven programmes showed good 

survival of the cells (62-74%). The programme with highest proportion of 

successfully transfected cells was DN-100 (66.4%) and it was used for all 

subsequent transfection experiments (Figure 3-18b). Next, we proceeded with 

optimization of the cell number per nucleofection to see if it can further improve 

nucleofection efficiency. Between 200k and 320k of cells per nucleofection was 

tested with the DN-100 nucleofection programme. Each cell number resulted in 

high transfection efficiency of at least 70.22%. Highest average transfection 

efficiency was achieved when 100k cells were nucleofected per nucleofection 

cuvette (85.32% ± 4.8%). This transfection efficiency differed significantly only 

form the 320k cells used per nucleofection (70.22% ± 2.76%). Therefore, the 

number of cells per nucleofection of between 100k  and 300k could be used to 

achieve high proportion of transfected cells (Figure 3-19). 
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Figure 3-18 Optimization of transfection efficiency of R-PAT M using Amaxa-4D 
nucleofector.  
a),b) Live fluorescent imaging of transfected R-PAT M cells using different nucleofection 

programmes on Amaxa-4D. Scale bars = 200m; c) Comparison of cell viability and 
transfection efficiency across seven nucleofection programmes. Transfected cells were 
analysed using flow cytometry at 48hrs post nucleofection (n=1). 
 



Paulina Maria Durczak 84 The University of Nottingham 

 

Figure 3-19 Optimization of seeding density for transfection of R-PAT M hiPSC line. 
Varying numbers of cells were transfected with pmaxGFP plasmid. 48hrs post 
transfection cells were collected for flow cytometry analysis of GFP expression. Data 
presented as mean ± SD (n=3). One way ANOVA with Tukey’s multiple comparison test.  
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3.4. Discussion 

3.4.1. HiPSC as models of early human endodermal development 

The differentiation protocols applied in this project mimic the pathway of 

natural early development of human endoderm. The cells are first directed 

towards a definitive endoderm identity with transient expression of 

mesendoderm genes as happens during the primitive streak formation and 

subsequent emergence of the three germ layers. From DE, the cells can further 

be specified into one of the regions of primitive gut tube, depending on which 

cells of endodermal origins are to be established. Foregut specification allows 

for further differentiation towards liver, lungs, pancreas or thyroid while hindgut 

enables differentiation of intestinal fates (Zorn, 2008). LPCs are specified by 

exposing foregut cells to FGF and BMP4 signalling to mimic signals from 

surrounding cardiac mesoderm and septum transversum mesenchyme, 

respectively (Rossi et al., 2001). In vivo, this signalling results in the specification 

and proliferation of bipotential hepatic progenitors that form liver bud and 

subsequently expand into the surrounding mesenchyme, eventually leading to 

the formation of foetal liver. At each stage of development, a different set of 

TFs is activated orchestrating the expression of appropriate genetic programme. 

This allows the identification of each cell type in the in vitro cell culture. The 

protocols used for differentiation in this project render cells that specifically 

express appropriate genes at each stage, supporting our assertion that 

differentiated hiPSCs can be applied as models of early endodermal 

development. Furthermore, the disruption of differentiation programme by 

e.g.: removing one of the signalling molecules leads to similar consequences as 

seen in in vivo studies. This is shown in the experiment where Wnt signalling was 

blocked during HG specification from DE. As reported for in vivo setting, this 

results in the lack of CDX2 expression, weaker HNF4 expression and 

inappropriate expression of FG-related markers such as CXCR4 (Sherwood et al., 

2009). 
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Although animal models have contributed hugely towards our understanding of 

development, the need for more relevant models becomes apparent as detailed 

studies reveal how even highly conserved elements can function differently 

between two species. Odom and colleagues showed that four hepatic TFs have 

vastly different binding sites in humans and mice, even though those TFs are 

highly conserved between the two species (Odom et al., 2007). In another study, 

single cell RNA-seq. of human and mouse preimplantation embryos showed 

that, although some gene expression patterns are shared between the species, 

there are differences in TF expression and signalling pathway employment 

between mouse and human pluripotent epiblast (Blakeley et al., 2015). It is, 

therefore, necessary to find more accurate models of early human 

development. As the research on human embryos is highly controversial and 

limited, the use of pluripotent stem cells, especially induced pluripotent stem 

cells, offers a valuable alternative. It can also contribute to a decrease in the use 

of foetal tissue for biomedical research which also comes with ethical issues.  

In this project the cells are cultured and differentiated as a 2D monolayer. This 

allows for well controlled, reproducible and focused experiments being 

conducted on a specific cell type. This type of cell culture can successfully 

contribute to expanding knowledge of molecular mechanisms governing 

endodermal development. For example, Fisher and colleagues were able to 

show that GATA 6 is essential for DE formation (Fisher et al., 2017) and Twaroski 

and colleagues identified mediators of FGF2 signalling during the hepatic 

progenitor cell formation (Twaroski et al., 2015).The advantage of 2D monolayer 

culture is the relative ease and cost effectiveness, consistent access of all cells 

to nutrients delivered by the culture media, application to high throughput 

phenotyping and ease of specific molecular manipulation with e.g.: siRNAs or 

overexpression vectors. However, there are also drawbacks to this type of cell 

culture, chief among them the fact that cells rarely exist in a 2D environment in 

the body. In vivo, cells are surrounded by other cells, have contact with 

extracellular membrane (ECM) proteins and are exposed to mechanical forces. 

The dynamic of how cells are exposed to soluble molecules is also quite 
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different, consequences of which can be especially observed in development 

during spatial patterning by e.g.: components of BMP signalling pathway 

(reviewed in (Bier and De Robertis, 2015). The lack of 3D environment and 

complete ECM can have an impact on cell migration, proliferation or 

morphology and affect overall cell behaviour (reviewed in (Baker and Chen, 

2012).  

There are improvements to 2D cell culture systems that can help mimic a more 

natural environment. Micropatterned substrates and nanotoporgaphic 

materials have been used to imitate adhesion and mechanics that influence cell 

behaviour in 3D environment. Micropatterned substrates are made by coating 

the cell culture dish with cell-adhesive or protein-absorption-resistant regions 

that can be arranged in various designs to control cell shape, cytoskeletal 

architecture, spreading, multicellular organization and stem cell differentiation 

(Vega et al., 2018, Zhang et al., 2022). Nanotopographic materials are substrates 

with nano-scale topological features that can alter not only how the cells attach 

to the substrate but also the mechanical properties of the cell culture 

environment. The stiffness of the substrate can affect cell adhesion and 

proliferation (Zhou et al., 2022) or direct adult stem cell differentiation (Xie et 

al., 2018). Microfluidic platforms have been developed to address the issue of 

nutrient distribution that more accurately reflects in vivo conditions. Static or 

dynamic platforms can recreate morphogen gradient present during 

development improving the models of tissue patterning and specification during 

development (Cui et al., 2020). 

Alternatively, cells could be grown in 3D as either self-assembled organoids or 

seeded onto scaffolds. 3D cell culture allows for more complex cell-cell or cell-

ECM interactions, improved cell morphology, better spatial organization and 

more intricate model of in vivo environment. Addition of scaffolds can also help 

in provision of physical or chemical cues to the cells further improving the 

accuracy of the model.  

Another layer of complexity can be added by 3D models utilizing multiple cell 

types within the organoid. Takabe and collegues have created self-assembling 
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liver bud organoids composed of three iPSC-derived progenitor populations: 

hepatic endoderm, STM cells and endothelial progenitors (Takebe et al., 2017). 

Such models can be applied to the study of factors important for cell-cell 

interactions or cell assembly during liver bud formation and are an interesting 

avenue to explore once candidate TFs crucial for LPC specification have been 

identified.  

However, 3D culture also comes with a variety of disadvantages. Larger 3D 

structures can present a challenge for nutrient delivery resulting in 

heterogeneity or necrotic areas. Likewise, uniform targeting of the cells with 

transfection reagents for molecular manipulation would also not be as 

straightforward as in a 2D system. It is also substantially more difficult to image 

3D cell structures. It is more expensive and more difficult to handle, sometimes 

requiring expensive equipment (e.g.: bioreactors), whereas scaffold-based 3D 

cell culture can present a challenge when retrieving cells for further analysis. 

In this project we wanted to identify BMP4-activated TFs that are crucial for 

hepatic specification using whole transcriptome analysis. For such experiment, 

high numbers of cells are necessary ideally collected from pure cultures of the 

specific cell type of interest. As 2D cell culture allows for synchronized, 

reproducible and sequential differentiation of iPSCs towards the desired cell 

type, it was appropriate and sufficient for the purpose of this project. Even 

distribution of nutrients and signalling molecules, ability to target cells for 

genetic studies, as well as ease of cell collection were of most importance for 

collection of data and further study of molecular mechanisms governing the 

specification of LPCs.  

3.4.2. Transfection methods  

The aim of transfection was to deliver siRNAs or overexpression plasmids (OEP) 

at the late stage of FG specification to ensure that once the LPC specification 

begins there are appropriate levels of siRNAs/OEP to prevent the 

expression/start the production of the gene of interest. The initial method 

selected for FG transfection was chemical using lipid reagents. This method is 

straightforward, does not require specialist equipment and has been reported 
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to have good efficiency (Dalby et al., 2004). Therefore, after our first choice of 

regent, Lipofectamine, failed to efficiently transfect the FG monolayer we have 

decided to test several other available reagents. However, all the tested 

reagents showed very poor transfection efficiency. The most likely reason for 

poor transfection efficiency was the confluency of the FG monolayer. For most 

lipid reagents the recommended confluency levels during transfections, as 

stated in the kit inserts, is 60-90%. Differentiation towards LPC yields a 

monolayer at DE D3 and during FG specification proliferation is more rapid 

during the first two days of the process, slowing down in FG D3 and FG D4. This 

could create unfavourable conditions for transfection as cells are more likely to 

take up nucleic acids when actively dividing. Additionally, the FG monolayer is 

tightly packed creating additional hindrance for the delivery of transfection 

reagents. Observations made when undifferentiated hiPSC colonies were 

transfected with lipid reagents support this explanation. On inspection with 

fluorescent microscope, the tightly packed centres of the colonies remain 

virtually GFP free and most transfected cells are on the edges of the colonies, in 

areas where they are not as packed as in the middle. There is, however, a report 

of successful foregut transfection with siRNA, using Lipofectamine reagent, 

therefore it is possible that the issue causing low transfection efficiency in our 

study was due to another factor (Banerjee et al., 2018). 

Transfection using viral vectors is frequently applied in situation where lipid 

regents have failed. Adenoviruses, adeno-associated viruses or retroviruses can 

all infect non-dividing cells and facilitate gene knockdown or overexpression. 

However, the method is quite challenging and laborious, requiring strict 

biosafety controls. Therefore, we did not decide to attempt this approach for 

this project. 

Physical methods could also possibly be applied for the transfection of FG 

monolayer. However, most physical methods require expensive specialist 

equipment. Amaxa nucleofector (Lonza) available in our lab can be used for 

transfection of adherent cells. However, it requires an additional specialist 

module that would have to be purchased at a substantial cost. 
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Another way to attempt FG transfection would be to try the dissociation of the 

FG layer and seeding FG cells at a confluency more appropriate for subsequent 

lipid transfection or even nucleofecting the FG cells. One of our protocols 

describes generation and long-term maintenance of FG stem cells in culture, 

that includes FG dissociation. However, it has not yet been optimized for culture 

on Matrigel, a cell matrix adapted by our lab for all our differentiation protocols. 

We have made attempts to optimize the protocol, but they were unsuccessful 

(data not shown). Due to time limitations, we have looked for a solution that 

eliminates the need to transfect FG monolayer and instead target hiPSCs that 

are easily dissociated. The inducible system we have selected will enable us to 

study gene knockdown at the desired stage of differentiation. The inducible 

nature of the engineered construct ensures that the knockdown studies are 

specific to the differentiation stage of interest. Furthermore, this system has 

also been published for knockout studies (Bertero et al., 2016). For 

overexpression studies inducible systems can also be applied (Lange et al., 2020, 

Kim et al., 2015). 

Although transfection of iPSCs using lipid reagents showed better results than 

FG transfection, the proportion of targeted cells was still not optimal. 

Additionally, it was observed that the lipid reagents were only accessing iPSC at 

the edges of the colonies and a substantial proportion of tightly packed cells in 

the middle of the colonies were not targeted. To overcome this issue and 

improve transfection efficiency we employed a physical method of transfection. 

Nucleofection of dissociated iPSCs has given excellent transfection rate, without 

excess cell death. To mitigate for possible toxic effects of exposure to high 

voltage, we optimized transfection of high number of iPSC to maximize the 

number of surviving cells.
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Chapter 4. BMP4 signalling mediates the specification of 

liver progenitor cells from anterior foregut endoderm 

during hiPSCs differentiation 

4.1. Introduction 

RNA sequencing is one of techniques that utilizes next generation high 

throughput sequencing for analysis of the transcriptome. It can provide detailed 

insight into the expression level or relative changes of each transcript during 

defined developmental stage or in response to various stimuli, such as activation 

of a signalling pathway. Over the last decade, it has largely replaced previous 

transcriptome analysis techniques, such as microarray, due to its higher 

resolution, sensitivity and capacity for new transcript discovery. (Whitley et al., 

2016). It enabled the discovery of non-coding transcripts such as microRNAs or 

long non-coding RNAs (lncRNAs) that are involved in the regulation of gene 

expression, protein translation and modulation of chromatin states (Han et al., 

2015). This technique can be used to examine transcriptome changes during 

PSCs differentiation. Using RNA sequencing, Twaroski and colleagues have 

identified a number of genes activated or supressed by FGF2 signalling during 

the early stages of LPC specification. The study identified a WNT signalling 

suppressor, NKD1, as one of the direct targets of FGF2 signalling (Twaroski et al., 

2015). It is established that Wnt suppression is necessary for hepatic 

specification and this study has contributed to the understanding of molecular 

mechanism of how this is achieved. To strengthen the information form RNA 

sequencing it can be combined with another high throughput technique: 

chromatin immunoprecipitation followed by sequencing (ChIP). Protein-DNA 

interactions are vital for BMP4 induced SMAD-mediated regulation of gene 

expression. Identifying the genomic locations to which SMAD1/5/8 bind can 

contribute to our understanding of how BMP4 signalling mediated the 

acquisition of hepatic fate in FE cells. Chromatin immunoprecipitation is a 

popular technique that allows the detection of protein-DNA interaction in the 
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context of living cells. It has been applied to identifying the locations of binding 

sites of TFs, histones and other proteins (Furey, 2012). The technique involves 

reversibly crosslinking DNA to its interacting proteins in living cells. The cross-

linking was initially achieved using the UV light, now largely replaced with 

formaldehyde. Once the crosslinking is done, the cells are lysed, and the 

chromatin (DNA with associated histones and proteins) is fragmented by 

sonication or nuclease digestion. An antibody against a protein of interest is 

used to capture the DNA  fragments the protein interacts with. Antibody-protein 

complexes are isolated using magnetic beads and DNA is freed from the 

associated protein by reversing the process of crosslinking. The retrieved DNA 

can be analysed by qPCR, chip microarray or next generation sequencing (Figure 

4-1) (Mundade et al., 2014). As the cost of next generation sequencing 

decreased, ChIP-seq. has become the most popular method for DNA fragments 

analysis. Sequencing offers higher resolution (single base pair level), expanded 

coverage and better sensitivity compared to qPCR or microarray. ChIP seq. can 

help identify binding sites of TFs, motif sequences to which they bind and help 

understand mechanisms involved in differential gene expression (Lu et al., 

2013). 

Currently, no direct targets of BMP4 signalling in the context of hepatic 

specification have been identified. The molecular mechanism by which this 

pathway induces hepatic identity in the FE is unknown. To understand the genes 

activated upon this pathway we employ RNA sequencing in the early stages of 

LPC specification. Additionally, to be able to identify direct targets of BMP4 

signalling we also perform chromatin immunoprecipitation (ChIP) with an 

antibody against SMAD1/5/8 followed by sequencing.  
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4.2. Chapter aims and objectives 

In this chapter, we apply our differentiation platform to study the effects of 

BMP4 signalling during FE specification towards the hepatic lineage. We employ 

RNA sequencing to examine wider transcriptional changes induced by this 

pathway followed by ChIP sequencing that will allow more specific identification 

of direct BMP4 signalling targets. The objectives of this chapter are: 

• BMP4 signalling is necessary for LPC specification from FE during hiPSCs 

differentiation 

 

Figure 4-1 Overview of chromatin immunoprecipitation technique.  
Image created using Biorender templates with modifications.  
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• BMP4 signalling induced transcriptomic changes in FE cells during LPC 

specification 

• SMAD1/5/8 bind to promoters of BMP4 upregulated genes during LPC 

specification 
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4.3. Results 

4.3.1. BMP4 signalling is necessary for LPC specification from foregut endoderm 

during hiPSC differentiation. 

BMPs secreted by STM have been shown to be essential for liver specification in 

mice (Rossi et al., 2001), zebrafish (Shin et al., 2007) and chicks (Zhang et al., 

2004). Therefore, many protocols for generating hepatocyte-like cells from 

hiPSC involve addition of BMP signalling, along with FGF, during the specification 

of LPCs from FE (Cai et al., 2007, Si-Tayeb et al., 2010b, Hannan et al., 2013b). 

However, the essential role of BMP signalling for hepatic specification during 

hiPSC differentiation has not been shown. We identified two different inhibitors 

of BMP4 signalling: Noggin (NOG) and Dorsomorphin (DOR). Inhibition of BMP4 

signalling rather than simple omission from the media was in our experience 

necessary as different hiPSCs respond to different concentrations of BMP4 

during LPC specification (unpublished data). This may be caused by different 

sensitivity of the cell lines to the signalling or by endogenous secretion of BMP 

molecules by FE cells. The right BMP4 concentration for differentiation R-PAT 

cell line has already been determined by our lab. To prevent the endogenous 

secretion from confounding our analysis, BMP4 signalling had to be blocked. As 

per our protocol, R-PAT M cells were first differentiated towards DE using Act A 

and WNT3a signalling, followed by specification towards FE using Activin A only. 

The FE cells were then induced towards LPC fate by addition of FGF10, SB431542 

with either BMP4 or one of the inhibitors. The inhibitors were added for an 

extended period of time, from first day of specification only (+1) to all four days 

(+4). Light microscopy and real-time qPCR were used to assess the 

consequences of BMP4 inhibition on LPC specification. Figure 4-2a shows light 

microscopy images of LPC day 4 differentiated in the presence or inhibition of 

BMP4. When NOG or DOR are added during first day of the differentiation only, 

the morphological differences are difficult to notice. However, addition of 

inhibitors during all four days of specification impacts the morphology of the LPC 

monolayer. When BMP4 is inhibited, the monolayer appears less compacted 

and the cells resemble the cells of FE. The expression of major markers of 
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hepatic specification is drastically affected (Figure 4-2). The mRNA levels of one 

of the major TFs involved in hepatic specification, HNF4, are significantly 

reduced once the BMP4 inhibition lasted more than one day. Other markers of 

hepatic specification, AFP, ALB or TTR, are significantly reduced even when 

BMP4 inhibition lasted for one day only. When the BMP4 inhibition lasted for 4 

days, there is virtually no mRNA expression of HNF4, AFP or ALB, and TTR levels 

are also severely reduced compared to LPC specification in the presence of 

BMP4. These results show that BMP4 signalling acts upstream of HNF4α and 

other LPC markers and indicated that BMP4 signalling is essential for the 

differentiation of LPC from hiPSC-derived endoderm.  
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Figure 4-2 Effects of BMP4 inhibition during LPC specification of hiPSCs.  

a) Light microscopy images of LPC day 4. Scale bar = 200m; b) and c) qPCR analysis of mRNA levels of early liver specific genes: Values presented as mean ± 
SD; Unpaired t-test, n=1. 
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4.3.2. RNA sequencing and ChIP sequencing of LPC samples differentiated in the 

presence or absence of BMP4 signalling. 

To gain a better understanding of how BMP4 signalling induced the hepatic fate 

in FE cells we performed transcriptome analysis of LPC cells differentiated in the 

presence or absence of BMP4 signalling. Additionally, to identify direct targets 

of SMAD1/5/8 effectors of this signalling, ChIP-sequencing was performed. R-

PAT M cells were differentiated to LPC in the presence (BMP) or absence (NOG) 

of BMP4 signalling. Samples for RNA were collected from undifferentiated 

samples and at two time points of LPC specification: 24h and 48h to identify the 

early genes controlled by BMP4. For RNA sequencing, BMP4 was blocked with 

NOG. To capture changes in both protein coding genes as well as non-coding 

ones, ribosomal RNA depletion was performed instead of polyA+ selection. 

Strand specific RNA sequencing libraries were prepared to enable identification 

of sense/antisense and overlapping transcripts. Libraries were sent off for 

sequencing to Babraham Institute, Cambridge. Sample were read at 30 x 

106/sample sequencing depth. Internal quality control confirmed good quality 

of sequencing experiment. On average, 93.57% ± 0.43% of the reads aligned 

uniquely to the GRCh38_v97 Ensembl human genome.  

For ChIP-sequencing experiment, due to technical problems with Noggin 

protein, BMP4 signalling was blocked with small molecule dorsomorphin (DOR). 

Although the difference in experimental set up between RNA- and ChIP-

sequencing was not ideal, the inhibition of hepatic specification is equally 

efficient using both inhibitors as presented in 4.3.1. ChIP crosslinking was done 

using formaldehyde to capture the direct interaction of DNA and proteins. Due 

to time limitations, we opted for a ready-made kit for ChIP preparation with 

MNase digestion for DNA fragmentation instead of more common sonication. 

MNase digestion condition required some optimization. Typically, 1.5-2.5µl of 

diluted MNase enzyme are used for 4 x 106 cells, as per protocol. We tested 

three different amounts of the MNase enzyme on our samples and checked the 

digestion of the chromatin by agarose gel electrophoresis. 3µl of the enzyme 

produced most clear bands of the expected lengths: 160bp, 320bp and 480bp 
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which corresponds to the 1, 2 and 3 nucleosome units (Figure 4-3a). Input 

produced from the 3µl sample was further tested following DNA purification to 

ensure good fragment distribution before library preparation (Figure 4-3b). The 

4200 Tapestation identified bands that roughly correspond to the nucleosome 

units. Library preparations were outsourced, and post library preparation check 

was also performed. Figure 4-3c shows an example DNA library of one of the 

samples with majority of fragments forming a peak around the 300bp ladder 

mark. This corresponds to single nucleosome unit fragment with added 120bp 

adapter. Following library preparation samples were sequenced and output was 

quality checked by bioinformaticians at DeepSeq, Nottingham. The sequencing 

passed the quality assessment with high mean quality scores (>30), normal 

distribution of GC content (39%±0.00455%) and very low sequence duplication 

levels (3.31% ±0.002728%). Initial analysis identified some peaks but could not 

find any differentially expressed ones. The data was passed on to bioinformatics 

department at Babraham for further analysis by Dr Simon Andrews. Overall look 

at the distribution of peaks failed to detect enrichment between ChIP and Input 

samples. A QQ plot comparing all the samples also revealed minimal differences 

between all sequenced samples (Figure 4-4a). Pairwise comparison revealed 

some differentially expressed (DE) hits (Figure 4-4b) but a closer look using a 

genome browser showed that the enriched peaks grouped near holes in the 

assembly in the centromeric regions of chromosomes (Figure 4-4c). These holes 

are usually caused by highly repetitive sequences. Further analysis showed that 

almost all (83%) of the enriched regions lie within 50kb of the assembly hole as 

opposed to a random sample where only 9% were found within this distance 

(Figure 4-4d). This result, together with the overall lack of enrichment, strongly 

suggest that the ChIP experiment has failed.  
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Figure 4-3 ChIP optimization. 

 a) Chromatin electrophoresis following MNase digestion with varying number of ls of 
the diluted enzyme. Samples were run on 1% agarose gel. L: 100bp ladder; b) Input 
sample run on 4200 Tapestation System showing fragmentation of Input DNA when 
digested with 3µl of diluted MNase; c) DNA fragments distribution following library 
preparation. 
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4.3.3. Transcriptome changes induced by BMP4 signalling 

The main aim of this thesis is to understand the molecular mechanism by which 

BMP4 induces gene expression changes in the FE to specify the cells towards 

LPC fate during hiPSCs differentiation. To identify the early gene expression 

changes induced in FE cells by BMP4 signalling, we differentiated R-PAT M cells 

 

Figure 4-4 ChIP-sequencing data check. 
a) QQ plot comparing the distribution of peaks in all the samples; b) Scatter plots 
visualising some differentially expressed peaks in the 24h samples; c) SeqMonk software 
visualisation of some of the top differentially expressed hit showing their grouping and 
proximity to ‘assembly holes’; d) Violin plot showing the distance of SMAD enriched 
regions in our samples from assembly holes compared to a random selection of regions.  
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toward LPCs in the presence (BMP) or absence (NOG) of BMP4 signalling. RNA 

was isolated from undifferentiated R-PAT M cells as a reference, and from two 

early timepoints of LPC specification: 24h and 48h, and transcriptome analysis 

was executed. Principle component analysis (PCA) was performed to examine 

the variation between the different sample groups (Figure 4-5a). The most 

variation was due to the transcriptome differences between undifferentiated 

samples and differentiated ones. R-PAT M samples clustered together and away 

from the LPC samples. This clear distinction in the transcriptome can be 

expected from two different cell types. The next feature that introduced most 

variation in the data was the treatment of FE samples with BMP vs NOG. BMP 

samples clustered together and away from the NOG samples, showing that 

BMP4 signalling induces changes in the transcriptome of the differentiating FE 

cells. Although triplicates of both NOG samples show a greater variance 

between each other, they still cluster together and are easily distinguished on 

the correlation tree (Figure 4-5b).  

Differentially expressed genes (DExGs) between all samples were identified 

using DESeq2 function on SeqMonk Mapped Sequence Analysis Tool. DExGs 

were filtered based on log2FoldChange > 1 and FDR < 0.05 (Figure 4-6a). The 

heatmap of DExGs shows that undifferentiated R-PAT samples show clearly 

different gene expression pattern compared to both BMP and NOG samples at 

both timepoints. In BMP samples a cluster of genes whose expression is 

upregulated compared to NOG samples and, additionally, becomes more 

upregulated in the 48h sample can be identified. Similar observation cannot be 

made about NOG samples, the gene expression pattern at both timepoints 

appears quite similar. Closer look at specific gene groups associated with various 

stages of hiPSCs differentiation show, as expected, expression of pluripotency 

markers in R-PAT group, and down regulation of those markers in the BMP and 

NOG samples. One unexpected exemption is expression of NANAOG in the 

NOG48 sample. Endodermal genes are down regulated in R-PAT cells and 

upregulated in both BMP and NOG samples. GATA4 and GATA6 are increased in 

the BMP samples indicating the continued role of these TFs in hepatic 
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specification. SOX17 and CXCR4 definitive endoderm markers are 

downregulated in the BMP samples.  

Similar suppression can be seen in the NOG samples although delayed. HHEX 

shows clear downregulation in the BMP samples and upregulation in NOG ones. 

Liver specific genes such as HNF4α, HNF1α, ALB, TTR, AFP and SERPINA1 are 

strongly upregulated in BMP48 sample, day 2 of LCP specification. There are also 

 

 

Figure 4-5 Global overview of the RNA sequencing data. 
a) PCA plot demonstrated the relationship between the undifferentiated R-PAT M 
samples and samples differentiated to LPC in the presence (BMP) or absence (NOG) of 
BMP4 signalling; b) Correlation tree presents the relationship between samples and 
the triplicates. No outliers were identified;  
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some biliary genes upregulated in the BMP48 sample, such as KRT19 and KRT7, 

HNF1β or CFTR consistent with the bipotential nature of the LPCs.  

 

To understand how BMP4 signalling affects the transcriptome of differentiating 

LPCs, we looked at differentially expressed genes between BMP and NOGs at 

both timepoints. Altogether, there were 26,293 and 26,513 DEx transcripts 

 

Figure 4-6 DExGs between all sample groups.  
a) RNA sequencing gene expression heatmap showing all DEx transcripts between 
the three sample groups; b) RNA sequencing gene expression heatmaps showing 
changes in pluripotency, endodermal and hepato-biliary genes between the three 
sample groups. Log2RPM values were median centred for normalization. Up-
regulation is represented by green shading; down-regulation is represented by 
magenta shading.  
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between BMP and NOG at 24h and 48h, respectively. After applying filtering 

criteria (log2FoldChange > 1, and FDR<0.05) 1721 and 2336 DEx transcripts were 

identified at 24h and 48h, respectively. We have identified transcript classes of 

interest within the DExGs: protein coding genes (PCGs) and long non-coding 

RNAs We also annotated DEx TFs within the PCGs. Figure 4-7 details the number 

of upregulated and downregulated genes in BMP samples.  

 

Further, to gain a general idea of how BMP4 exerts its effects on FE cells, 

overrepresentation analysis (ORA) was performed on differentially expressed 

PCGs focusing on pathway analysis and possible biological functions. ORA 

analysis was performed using WebGestalt (http://www.webgestalt.org/) online 

tool. Stricter criteria for inclusion in ORA analysis were applied (FDR <0.05 and 

log2FC >2) due to limitations of the software. This reduced the number of BMP24 

and BMP48 upregulated genes to 208 and 283, respectively, and the number of 

NOG24 and NOG48 upregulated genes to 275 and 431, respectively.  

 

Figure 4-7 Analysis of DExGs between BMP and NOG samples. 
Number of DEx genes between BMP and NOG samples. DExGs were identified using 
DESeq2 and filtered on the basis of log2foldchange >1 and FDR<0.05;  

http://www.webgestalt.org/
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Figure 4-8 Overrepresentation analysis (ORA) of differentially expressed PCGs in 
BMPvsNOG samples at24h and 48h of LPC specification. 
Top 10 enriched KEGG and BP pathways upregulated in BMP and NOG samples are 
presented. DEx PCGs with log2FC>2 and FDR<0.05 were included in the analysis. 
Pathway analysis performed using WebGestalt. Pathways of interest are highlighted in 
red. 
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Gene ontology of biological processes (GO BP) analysis of genes upregulated in 

BMP samples at 24h identified mainly terms associated with generic 

development such as ‘regionalization’, ‘pattern specification’, ‘tissue 

morphogenesis’ and ‘tissue development’ (Figure 4-8). Surprisingly, it also 

identified gene groups associated with cardiac development such as ‘heart 

development’ and ‘circulatory system development’. The situation is much 

more focused in the 48h samples where almost all the top ten most upregulated 

terms are associated with the processing and assembly of lipid particles 

(‘regulation of VLDL particle remodelling’, ‘chylomicron assembly’ or ‘TG-rich 

lipoprotein particle remodelling’). In terms of pathway enrichment, KEGG 

analysis of BMP24 upregulated genes identified only three significant pathways 

among the top then enriched ones (‘TGFβ signalling pathway’, ‘signalling 

pathways regulating pluripotency of stem cells’ and ‘calcium signalling 

pathways’). The analysis also detected pathways associated with ‘vitamin 

digestion and absorption’ and ‘fat digestion and absorption’ however, the 

enrichment is not significant at 24h. This changes in the 48h BMP samples where 

the analysis of upregulated genes identified pathways involved in metabolism of 

vitamins, proteins and fats (‘vitamin digestion and absorption’, ‘fat digestion and 

absorption’, ‘protein digestion and absorption’). The KEGG analysis also 

identified PPAR signalling pathway as significantly enriched at 48h in the BMP 

samples.  

The genes upregulated in NOG samples have also been analysed. GO BP at 24h 

identified terms such as ‘cell adhesion’, ‘biological adhesion’ or ‘locomotion’ as 

overrepresented in the NOG upregulated genes. Some of those terms are also 

present in the result of GO BP analysis of the NOG48 samples. To explore this 

further we looked at heatmaps of ‘cell adhesion’ and ‘locomotion’ gene sets that 

were upregulated in NOG samples (Figure 4-9). We can see overexpression of E-

cadherin (CDH1), a gene that is upregulated in Prox1 null mice. This phenotype 

is characterized by inability of LPCs to migrate out of the liver bud (Sosa-Pineda 

et al., 2000).Other genes, such as claudins or ICAM1, although not reported to 

be involved in hepatocyte migration, are known to have such a role in other 
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tissues and cancer. The GO BP also identified terms associated with the 

cytoskeleton such as ‘axoneme assembly’ or ‘microtubule bundle formation’. 

GO terms enriched at 48h NOG samples are mainly linked to a negative 

regulation of aspects of development, and unexpectedly, nervous system 

development (‘generation of neurons’, ‘neurogenesis’). KEGG pathway analysis 

identified only one significantly enriched pathway at each timepoint in the NOG 

upregulated genes: ‘ECM-receptor interaction’ at 24h and ‘pathways in cancer’ 

at 48h.  

Gene Set Enrichment Analysis (GSEA) was also performed using GSEA v4.3.2 

software (Figure 4-10). First, transcriptome checks against C8 (‘cell type 

signature gene sets’) category revealed enrichment of genes associated with 

foetal liver hepatoblasts, at both BMP sample timepoints, confirming the correct 

progression of our differentiation. Check against C1 (‘hallmark gene sets’) 

showed an enrichment of many gene associated with hepatocyte function in 

BMP24 and BMP48 samples. Apart from already identified categories in ORA 

linked to fat and protein metabolism, GSEA also showed upregulation of genes 

important for coagulation, haem metabolism and glycolysis. Their enrichment 

can already be detected at 24 hours of LPC specification. although it is not 

statistically significant. However, at 48h the enrichment increases and it 

becomes statistically significant. KEGG pathway analysis confirmed upregulated 

expression of cell adhesion molecules and ECM-receptor interactions in NOG24 

and NOG 48 samples. 
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Figure 4-9 Heatmaps representing selected enriched GO terms of genes upregulated in 
NOG samples.  
a) Heatmap of NOG24 upregulated ‘cell adhesion’ associated genes; b) Heatmap of 
NOG48 upregulated ‘locomotion’ genes. Red arrows point to genes that will be 
discussed.  
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Figure 4-10 GSEA graphs showing enrichment of genes from different categories. 
a) C8 ‘cell type signature genes sets’ at 24h and 48h; b) Hallmark category enriched at 
24 and 48h; c) C2 ‘curated gene sets’ category at 24h and 48h. 
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Taken together, the ORA and GSEA revealed BMP4 regulated early expression 

of genes associated with hepatocyte function. It also suggest that BMP4 

signalling regulates the expression of cell adhesion molecules and ECM-receptor 

interactions, downregulating their expression possibly in preparation for LPC 

migration out of the hepatic bud.  

We were also interested if BMP4 may regulate the other pathways involved in 

LPC specification: FGF or Wnt. Both BMP and FGF signalling is necessary for liver 

gene induction in mice, chicks and zebrafish and the removal of either of the 

signals prevents hepatic specification (Rossi et al., 2001, Zhang et al., 2004, Shin 

et al., 2007). At the same time, Wnt signalling needs to be suppressed in the FE 

(McLin et al., 2007). BMP and FGF signalling cross talk in many other aspects of 

development such as cardiogenesis, bone formation or nervous system 

development and they can regulate each other’s activity (Schliermann and 

Nickel, 2018). We have identified genes involved in FGF and WNT pathways 

using The Molecular Signatures Database on GSEA website (https://www.gsea-

msigdb.org/). From the identified genes, we looked at the ones that show 

differential expression between BMP and NOG samples (Figure 4-11). We 

noticed that all four of FGF receptors are upregulated in BMP samples at both 

timepoints. This may indicate that BMP4 positively regulates FGF signalling 

during LPC specification. In the case of WNT signalling associated genes, there 

is upregulation of WNT inhibitors, such as NKD1 and FRZB in BMP samples, 

which would be in line with the need for suppression of this signalling. However, 

at the same time Wnt inhibitors such as WIF-1 and DKK-1 are downregulated in 

the BMP samples. Similarly, WNT receptors FZD2 and FZD5 are downregulated 

in BMP samples but FZD4 is upregulated.  

https://www.gsea-msigdb.org/
https://www.gsea-msigdb.org/
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Figure 4-11 Heatmap of differentially expressed genes associated with FGF and WNT 
signalling. 
FGF and Wnt signalling associated genes were identified using publicly available 

databases (www.gsea-msigdb.org). Only the genes that showed differential 
expression in our samples are presented in the heatmaps (FDR <0.05). Upregulation 
is indicated by the green shading and downregulation by red. Arrows and red box 
highlight genes included in the discussion. 

http://www.gsea-msigdb.org/
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4.3.4. Transcription factor changes induced by BMP4 signalling during LPC 

specification 

Transcription factors (TFs) are important regulators of gene expression during 

cell type specification, developmental patterning and regulation of signalling. 

Many TFs important for liver development and function have been identified, 

however only very few examples of TFs controlling the earliest stage of liver 

specification are known to date and very little is known on how BMP4 signalling 

induces hepatic identity in FE cells. Our RNA sequencing identified a list of DExGs 

that were upregulated or downregulated at the onset of LPC specification. To 

identify TFs among our DExGs, we have screened them against a list of human 

TFs published by Lambert and colleagues (Lambert et al., 2018). Using the 

criteria of FDR < 0.05 and log2Fold Change > 1, we have identified 132 (73 

upregulated and 59 downregulated) DEx TFs and 157 (69 upregulated and 88 

downregulated) DEx TFs at 24h and 48h, respectively, in BMP vs NOG samples. 

This suggests that BMP4 signalling promotes cell type-specific expression 

pattern by regulating a number of TFs. Volcano plots show the differentially 

expressed TFs separately at 24h and 48h (Figure 4-12 a, b). Table 4-1 lists the 

DEx TFs at both time points. In the upregulated list, we can see some TFs that 

have already been reported to play a role in the early stages of liver 

development (see Table 1-1). HNF4α, HNF1β, GATA4, GATA6 and TBX3 are 

upregulated at 24h and 48h, while HNF1α and CEBPα show an increase at 48h. 

The fact that the expression of all these hepatic factors is downregulated when 

BMP4 signalling is blocked with Noggin suggests that BMP4 acts upstream of all 

those TFs to regulate their expression during LPC specification.  
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Figure 4-12 BMP4 signalling regulates the expression of TFs during LPC specification.  
a) and b) Volcano plots generated using VolcaNoseR showing DEx TFs between BMP24 
vs NOG24 and BMP48 vs NOG48 samples, respectively. Upregulated (cyan) and 
downregulated (magenta) genes are highlighted based on threshold of log2FoldChange 
>1 and p-value < 0.05.  
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In the top 20 most upregulated genes at 24h and 48h there are multiple 

members of the same families of TFs known to be involved in various aspects of 

human development. Three members of the TBX family of TFs are upregulated 

upon BMP4 signalling: TBX2, TBX3 and TBX20. TBX2 is the first and second most 

upregulated TFs at 24h and 48h, respectively. Highly on the upregulated list of 

 

Table 4-1 Differentially expressed TFs at 24h and 48h of LPC specification between BMP 
and NOG samples.  
TFs of interest are highlighted in red. TFs in bold are mentioned in the text. 

24h 

UP 

TBX2, RFX6, GATA2, RXRG, IRX6, ZEB2, CDX2, HMX3, GLIS1, TBX3, 
TBX20, NKX2-1, MSX1, NKX2-5, HEY2, SMAD9, MSX2, HEY1, 
VENTX, ESRRG, NKX1-2, NKX6-2, EVX1, MXI1, HNF1B, TFEC, HESX1, 
GATA3, MAF, PITX1, MYCN, SP8, LEF1, GATA5, SNAI2, FOXQ1, 
FOXF2, GLIS3, MYB, HNF4G, TFCP2L1, EPAS1, ISL1, SP5, GATA4, 
KLF13, DMBX1, KLF8, KLF4, GRHL3, TEAD4, GATA6,  ZIC2,  
RORA, ZIC5, SOX5, PRDM16, SKIL, HIC1, ZBED3, MITF, MKX, PITX2, 
ZNF792, HNF4A, ZNF764, ZNF560, ZFPM1, ZNF44, TSHZ1, HOXB13, 
ZNF799, ZNF761 

DOWN 

FOXP1, HOXB3, SIX4, PAX7, SOX4, FOXA1, BHLHE22, IRF9, SOX15, 

CXXC4, LMX1B, SOX6, HIVEP2, ZNF521, TCF4, STAT1, OSR1, TIGD4, 

RUNX1, SPDEF, SNAI3, ZNF860, NFIA, GLI3, POU5F2, ZNF385D, 

PRDM6, XBP1, ETS2, TRERF1, BHLHA15, CREB5, IRX3, ZBED2, 

TWIST1, GRHL2, BATF2, DACH1, SOX3, RARB, FOXJ1, LHX4, IKZF2, 

ZNF157, ZBTB7C, SOX21, PAX9, IRF8, LMX1A, IRF1, ETV7, TFAP2C, 

SP100, SIX1, SOX14, FOXI2, SOX2, FOXG1 

48h 

UP 

IRX6, TBX2, CREB3L3, GATA2, CDX2, MSX1, HESX1, TBX20, DPF3, 

MAF, GLIS1, HNF1A, EPAS1, VENTX, ESRRG, TBX3, RXRG, RFX6, SP8, 

EY1, GATA5, MSX2, HNF4A, MITF, HNF1B, MYCN, FOXF2, MXI1, 

NKX1-2, NKX2-1, CEBPA, ZIC2, ZEB2, GLIS3, NKX2-5, HNF4G, 

BCL11A, PITX2, KLF4, ZNF280A, KLF9, PITX1, OVOL1, ZIC5, ZNF114, 

SKIL, GATA6, KLF13, ISX, SMAD9, ZBED3, EBF4, SNAI2, ALX1, TSHZ1, 

GRHL3, TFCP2L1, SOX5, ZFPM2, OVOL2, FOSL2, MYCL, ZFP42, 

MTERF4, SNAI1, TEAD4, DBP, HLX, CREB3L2 

DOWN 

HHEX, ETS1, RUNX1, SALL2, ZNF519, PROX1, ZNF233, SIX3, CARF, 
ZNF66, POU5F2, PLAGL1, SCMH1, HIVEP2, ZEB1, HOXB3, GSC, 
E2F1, SPDEF, CASZ1, MYC, MYBL1, TRERF1, ZIC3, ZMAT4, ZNF367, 
NFIA, FOSB, ZMAT1, TCF4, FOXC1, SOX11, IRX5, ETS2, SNAI3, 
SOX15, XBP1, ZNF521, EGR1, CREB5, SOX6, LMX1B, IKZF1, SIM1, 
SIX4, SOX9, E2F2, NKX2-2, TWIST1, OTX1, FOXO6, RARB, FOS, 
SP100, ZBED2, GLI3, PAX7, ZBTB7C, IRX3, OSR1, NR0B1, IKZF2, 
GRHL2, POU3F1, FOXI3, IRF1, DACH1, EHF, ZNF648, FOXJ1, 
NANOG, IRF8, ZNF157, DMRTA2, PAX9, LHX4, SOX3, FOXD1, 
SOX14, SOX21, ETV7, LMX1A, FOXG1, FOXI2, SOX2, SIX1, INSM1, 
PAX1 
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both time points is another member of the GATA family: GATA2. GATA5 is also 

upregulated at both timepoints, while GATA3 is increased at 24h only.  GATA2 

and GATA3 are mainly associated with blood development, as well as kidney, 

prostate, nervous system and adipose tissue development (Tremblay et al., 

2018). Two members of the HEY family of TFs are in the top 20 most upregulated 

genes at 24h: HEY1 and HEY2. HEY1 is also upregulated at 48h. HEY proteins 

mainly function as transcriptional repressors, either solo or bound to co-factors 

or other TFs. They have been reported to be involved in the mammalian 

development of the heart, muscle, bone and vascular and nervous systems 

(Weber et al., 2014). MSX1 and MSX2 are upregulated at both timepoints. These 

TFs are known targets of BMP4 signalling during early tooth development in 

mice (Vainio et al., 1993) and have been shown to act in a redundant manner in 

murine cardiac development (Chen et al., 2008). They are also involved in 

nervous system development (Duval et al., 2014) and early limb development 

(Becic et al., 2018). Another TF that shows a significant upregulation upon BMP4 

signalling is MAF. MAF knockout mice present with smaller cytoplasmic volume 

of liver cells suggesting it may be involved in the early liver development (Zhang 

et al., 2004). However, this TFs have mainly been reported as having a role in 

development of the lens, kidneys, T-cells and nervous system (Zhang and Guo, 

2015).  

To validate these findings, we performed quantitative gene expression analysis 

of a subset of DExGs, both upregulated and downregulated, during LPC 

differentiation from hiPSCs and confirmed differential expression of those genes 

(Figure 4-13). MSX2 was the only tested TFs that failed to show a significant 

change in expression between presence and absence of BMP4 signalling during 

LPC specification at both timepoints in contradiction to the RNA sequencing 

data. 
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Our RNA sequencing experiment identified a number of BMP4 upregulated TFs 

that have not been previously reported with a role in hepatic specification. Due 

to the failure of our ChIP experiment, we are not able to determine if these TFs 

are directly regulated by SMAD1/5/8 proteins or if their expression is induced 

indirectly. However, their upregulation upon BMP4 signalling and known roles 

in other aspects of early human development makes them interesting 

candidates for further study of molecular mechanisms governing LPC 

specification. 

 

Figure 4-13 Validation of RNAseq. results by quantitative PCR.  

Selected genes were chosen for validation of the RNA-seq results. Mean±SD from 
three technical replicates (n=1). Significance was determined with multiple 
unpaired t-tests in GraphPad Prism 
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4.3.5. Long non-coding RNA (lncRNA) changes upon BMP4 signalling during LPC 

specification 

Transcriptome analyses using high throughput sequencing have revealed that 

only around 2% of our genome codes for proteins. The majority of human 

transcriptome in made up of non-coding RNA of which 98% is ribosomal RNA, 

while the rest is divided between short non-coding RNAs (<200nt; e.g.: micro 

RNAs) and long non-coding RNAs (>200nt). While short non-coding RNA has 

been studied and characterized for over 20 years, the lncRNAs have only 

recently been look at in greater detail and it has become clear that this class of 

transcripts has important functions in gene imprinting, development, cancer 

and other diseases. To be able to identify lncRNAs that may be controlled by 

BMP4, strand specific libraries were prepared. This is particularly important for 

lncRNAs identification as these transcripts can overlap other genes. 

The Esamble genome against which the RNA sequencing data has been aligned 

categorizes transcripts into different classes, one of them being lncRNAs. On 

that basis, we identified lncRNAs expressed in our samples and performed 

differential expression analysis between BMP and NOG samples at both 

timepoints (Figure 4-14). The heatmap of significantly (FDR < 0.05) DEx lncRNAs 

shows that the majority (>75%) are upregulated in the NOG samples. The reason 

for such skewing is not known and has not been observed with PCGs in our 

results.  

Currently, very few lncRNAs are well described with a known function. Out of 

753 DEx lncRNAs, 429 were designated ‘novel transcripts’, with some of them 

having information as to location (e.g.: intronic or intergenic), direction (sense 

or anti-sense) or association with a PCG. Interestingly, some of the most 

upregulated lncRNAs in BMP samples are running anti-sense to DEx TFs: TBX2-

AS1, GATA2-AS1 or GATA3-AS1. Both TBX2 and its associated lncRNAs, TBX2-AS1 

are one of the most upregulated transcripts in the BMP24 samples.  
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Figure 4-14 BMP4 signalling regulates the expression of lncRNAs.  
a) RNA sequencing gene expression heatmap showing DEx lncRNAs between BMP and 
NOG samples at both time points; b) Volcano plots showing DEx lncRNAs between BMP 
vs NOG at 24h and 48h.Significantly changed lncRNAs with log2FC > 1 are highlighted in 
colour. BMP upregulated: cyan; NOG upregulated: magenta.  
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4.4. Discussion  

In this chapter, we apply our hiPSCs based model of human development that 

allows reproducible and synchronous LCP differentiation, to understand the 

mechanism by which BMP4 signalling induces hepatic fate in the FE cells. We 

show that BMP4 singling inhibition during LPC specification virtually abolishes 

the expression of liver specific genes, such as HNF4α, ALB or TTR, at the 

transcript level, consistent with reports on animal models (Rossi et al., 2001). 

We start by examining changes in the transcriptome of FE cells exposed to BMP4 

signalling. RNA sequencing provided us with an insight into the gene groups 

activated upon this signalling and allowed identification of DEx TFs that may be 

effectors of BMP4 signalling and important regulators of hepatic specification. 

We also attempted to identify direct targets of SMAD1/5/8 TFs by chromatin 

immunoprecipitation (ChIP) followed by sequencing, in order to understand 

which genes can be directly activated or repressed by these BMP4 signalling 

mediators. However, our ChIP sequencing experiment has proved unsuccessful 

with no peak enrichment identified in our ChIP samples compared to input. The 

small number of differentially expressed peaks all located near the centromeric 

regions of the chromosomes near assembly holes that indicate highly repetitive 

regions of the genome. Such peak distribution is unlikely to be reflective of TFs 

binding activity as TF most frequently bind DNA regions of promoters, near 

transcription start sites (Whitfield et al., 2012). ChIP is a technically challenging 

technique that can be affected by almost every aspect of sample preparation. 

One of the most important elements of successful ChIP experiment is the 

antibody directed against the protein of interest. For our ChIP experiment, ChIP 

grade antibody that showed previous success with immunoprecipitation was 

selected (Baas et al., 2016). However, quality can vary greatly between different 

lots of the same antibody (Egelhofer et al., 2011). It is recommended to test ChIP 

antibodies using flow cytometry, fluorescent microscopy or Western Blot. 

However, due to time limitations imposed by the COVID-19 pandemic we were 

unable to conduct these tests. We were also unable to optimize the antibody 

concentration used for each immunoprecipitation to achieve the best signal-to-
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noise ratio. Ineffective antibody or wrong antibody concentration will result in 

inefficient selection of the chromatin and result in non-specific signal. 

Alternatively, epitopes targeted by the antibody can sometimes be masked in 

the cross-linked chromatin (an issue less likely to occur with polyclonal 

antibodies) or the antibody may bind cross-linked chromatin less efficiently. 

Considering that we selected a polyclonal, ChIP grade antibody with proven 

success with this technique makes these two issues unlikely. The length of 

formaldehyde treatment can also affect the success of this technique and may 

require optimization. Finally, the antibody-protein interaction can become 

disrupted during washing. If the antibody is tested and deemed to be sensitive 

and capable to bind the antigen, this issue can be overcome by reducing 

stringency of washes or using beads with higher affinity for the specific antibody 

isotype (Carey et al., 2009). Although we cannot be sure without conducting 

further testing, we think that the most likely reason for our experiment failure 

was ineffective antibody. In the future, to save costs of the sequencing, a small 

sample of the ChIP library can be run on the sequencing analyser and 

bioinformatics analysis performed to check for peak enrichment.  

4.4.1. BMP4 induced transcriptome changes during LPC specification 

The RNA sequencing has proved successful with good quality reads of which 

over 97% aligned uniquely to the human genome. The overview of the 

sequencing data showed that BMP4 signalling regulates transcriptome changes 

during the LPC specification. We can see the upregulation of known liver 

specification associated genes such as HNF4α, ALB, TTR or AFP. Apart from the 

expected genes, we identified a high number of differentially expressed 

transcripts. The analysis of the upregulated and downregulated genes by ORA 

and GSEA allowed grouping of these genes into sets that can give us a better 

understanding of how BMP4 induced hepatic fate in FE cells.  

Not surprisingly, one of the top upregulated terms in KEGG analysis of BMP 

samples was TGFβ pathway. BMP4 signalling belongs to a wider family of TGFβ 

growth factors and, therefore, a lot of genes it activated are in common with 

the wider family. BMP4 inhibitors listed in this category, such as BAMBI, SMAD6, 
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SMAD7 and Noggin are well known to be co-expressed with BMP4 during mouse 

and Xenopus development, as they are direct targets of this signalling pathway 

(Karaulanov et al., 2004, Ishida et al., 2000) and aid proper BMP4 signalling 

interpretation during development (Paulsen et al., 2011). Other pathways 

enriched at 24h included ones directly related to hepatic functions such as 

vitamin digestion and absorption and fat metabolism. However, at this point the 

enrichment was not statistically significant. This changes at 48h where those 

pathways become significantly enriched, and additionally, a pathway involved in 

another hepatocyte function, protein digestion and absorption, is also 

significantly enriched. These pathways are directly related to hepatocyte 

functions (Si-Tayeb et al., 2010a). Although LPC are bipotential and have the 

ability to differentiate towards both hepatocytes and biliary epithelial cells 

(BEC), our results suggest that the upregulation of genes associated with liver 

function happens already at an early bipotential stage. However, another 

explanation of this could be that our differentiation protocol favours hepatocyte 

fate over the biliary one. In Chapter 3, we show that our LPC express markers of 

both hepatocytes and BECs (Figure 3-12) and this is also reflected in the RNA 

sequencing data (Figure 4-6). However, how the gene expression profile and 

level corresponds to the LPC potential to acquire either fate is hard to predict. 

Further characterization of our differentiation platform, focusing on the 

bipotential nature of LCPs may be necessary.  

GO of biological processes revealed broad categories of embryo and tissue 

development or tissue morphogenesis. Genes included in such GO terms would 

be common to many developmental processes and as such, do not provide 

specific insight into the impact of BMP4 signalling on hepatic specification. 

Other enriched terms were associated with mesenchymal and cardiac 

development. Those terms have many genes in common, such as GATA family, 

HEY1 and HEY2, TBX2, TBX3 and TBX20, as well as MSX1 and MSX2. These are 

TFs and, so far, only TBX3 has been previously connected to liver development 

(Lüdtke et al., 2009, Suzuki et al., 2008). The other TFs are involved in many 

developmental processes which will be discussed further shortly. At 48h, the GO 
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analysis identified biological processes much more related to the functions of 

the liver. From the top ten most enriched terms, first 8 relate to the metabolism 

of fatty acids (FA). Liver is central to lipid homeostasis. Hepatocytes store FA in 

the form of triglycerides, process FA coming from dietary and endogenous 

sources and convert excess glucose into FA in a process of de novo lipogenesis. 

Hepatocytes are also responsible for packaging TG into chylomicrons for 

transport to muscle and adipose tissue (Alves-Bezerra and Cohen, 2017). 

Additionally, the GSEA analysis identified enrichment of a few more hepatocyte 

related functions such as coagulation or haem metabolism in the first 24h of 

specification. Although at 24 hours the enrichment does not reach statistical 

significance yet, it points at early activation of hepatocyte functions regulated 

by BMP4. Taken together, the ORA and GSEA analysis indicate that BMP4 

signalling activates genes related to hepatocyte specific functions at quite an 

early stage in LPC specification. Due to ChIP, failure, we cannot say if these genes 

are directly regulated by BMP4 effectors or if their upregulation is caused by 

downstream targets of BMP4 signalling.  

Some studies showed that knockout of genes important for hepatic specification 

may skew cell differentiation towards a different fate e.g.: pancreatic 

development (Mukherjee et al., 2021) or biliary development (Suzuki et al., 

2008, Seth et al., 2014). ORA analysis of the genes upregulated in NOG samples 

has revealed few clues as to the fate these cells take when BMP4 signalling is 

blocked. Genes involved in negative regulation of developmental process were 

significantly enriched among the upregulated PCGs in NOG samples at 24h. 

Similarly, the 48h NOG samples showed enrichment of genes involved in the 

negative regulation of cell development and developmental process. This may 

result from Noggin blocking the progression of FE cells towards the hepatic fate. 

Considering the terms identified in the KEGG and GO analysis, it is unlikely that 

FE cells progressed along an alternative developmental pathway towards a 

different cell fate. Although the GO of biological processes analysis of NOG 

samples at 48h identified some genes involved in neurogenesis and generation 

of neurons, the same analysis also identified genes involved in the negative 
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regulation of nervous system development. The nervous system develops from 

neuroectoderm and it has been shown in Xenopus that the specification of this 

tissue is under the control of BMP signalling inhibitors (Lamb et al., 1993, 

Hemmati-Brivanlou and Melton, 1994). This has been applied to hPSCs 

differentiation protocols where inhibition of BMP signalling with Noggin is 

sufficient to induce neuronal progenitors (Gerrard et al., 2005). It is possible that 

BMP4 blocking by Noggin alters the gene expression/suppression dynamic in a 

similar way as during neurogenesis and it is the cause of the appearance of the 

neurogenesis terms in our KEGG analysis of NOG48 upregulated genes rather 

than a genuine fate transition. This underlines the need for careful 

interpretation of ORA results.  

Interestingly, both ORA and GSEA identified gene sets associated with cell 

adhesion, locomotion and ECM-receptor interactions. Shortly after hepatic 

specification the laminin-rich basal layer that surrounds the hepatic endoderm 

breaks down and LPCs begin delamination and migration into the STM. The 

process of migration involves cell adhesion molecules and interactions with the 

ECM (Zorn, 2008). One of the genes upregulated in NOG samples 

(downregulated in BMP) is E-cadherin (CDH1). This gene was shown to be 

abnormally upregulated in Prox-1 knockout and double knockout of HNF6/OC2. 

In both of these mice models, there was a failure of hepatoblast migration into 

the STM and it is thought that the failure to downregulate E-cadherin expression 

is one of the main reasons for it (Sosa-Pineda et al., 2000, Margagliotti et al., 

2007).  

Another example, ICMA-1, an intercellular adhesion molecule, is crucial for cell-

cell adhesion, cell-ECM interactions and cytoskeleton rearrangement 

(Benedicto et al., 2017). It is expressed in endothelial cells around the body, 

where it facilitates cell-cell attachment. In mice, silencing of ICAM-1 reduces the 

adhesion of endothelial cells (Lv and Fan, 2020). ICAM-1 is also necessary for 

immune functions, where for example, it facilitates neutrophil arrest on brain 

microvascular endothelial cells during inflammation (Gorina et al., 2014). In the 

liver, it is expressed by LSEC, hepatocytes, Kupffer cells and hepatic stellate cells 
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and has a major role during initiation of liver metastasis. ICAM -1 is also involved 

in tumour cell adhesion and cancer metastasis in other cancers and blocking its 

expression can prevent tumour spread to brain or lung (Benedicto et al., 2017).  

Claudins, also downregulated in BMP samples, are important components of 

tight junctions and play an essential role in regulating the flow of molecules in 

the intercellular spaces of epithelium. However, they also have been shown to 

both impair and promote cell motility. Claudin 18 has been reported to supress 

cell motility in human lung adenocarcinoma cells (Shimobaba et al., 2016), while 

Claudin 10 expression is associated with reduced migration of clear cell renal 

carcinoma (Yang et al., 2021). Claudin 4 has been shown to both inhibit  and 

promote cell migration in breast cancer cells (Webb et al., 2013, Levine and 

Ogunwobi, 2021).  

Low expression of IGSF9 (Immunoglobulin superfamily 9), a cell adhesion 

molecule, correlates with metastasis in breast cancer. IGSF9 knockdown 

promoted migration of breast cancer cell lines and its overexpression had an 

inhibitory effect (Li et al., 2022).  

The cited studies detail the role of cell adhesion molecules in the process of cell 

migration. Downregulation of these proteins in the BMP4 samples suggests that 

this signalling may regulate cell migration in order to facilitate LPC migration of 

out the hepatic bud and invasion of the STM.  

4.4.2. Signalling cross-talk during the LPC specification 

An interesting observation was the upregulation of all four FGFR receptors in 

BMP4 samples. Both BMP and FGF signalling are necessary for hepatic 

specification and blocking of either of these pathways results in failure of liver 

bud formation in mice (Rossi et al., 2001, Jung et al., 1999). FGF has been shown 

to also be necessary for differentiation of LPC from human PSCs (Twaroski et al., 

2015) and we have shown that blocking BMP4 signalling during that stage 

virtually abolishes mRNA expression of liver specific genes (4.3.1). How these 

two pathways interact with each other to induce hepatic gene expression is not 

well understood. BMP and FGF co-regulation of developmental processes is 
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frequently observed and, depending on the context, it can be synergistic or 

antagonistic in nature. In liver specification setting, the pathways cooperate but 

BMP4 negatively regulates FGF7 and FGF10 signalling during nephrogenesis 

(McMahon, 2016). In birds, BMP and FGF cooperation is also involved in LPC fate 

decision between hepatocyte and biliary epithelial cell (BEC) differentiation. 

FGF2 and FGF7 were shown to promote BEC fate in cooperation with BMP4 and 

ECM proteins (Yanai et al., 2008). In avian eye development, differentiation of 

lens fibre cell from epithelial cells is also regulated by BMP and FGF signalling. 

The study shows that BMP signalling inhibition affected the responsiveness of 

epithelial cells to FGF signalling and that this effect was receptor mediated. 

However, if there is decreased expression of these receptors on the surface of 

epithelial cells as a result of BMP blocking is not clear as it was not possible to 

quantitatively assess FGFR protein. QPCR examination of the FGFR1 and FGFR3 

mRNA levels showed normal transcript levels between noggin treated epithelial 

cells and controls (Boswell and Musil, 2015). However, mice knockout models 

with 50% reduction in transcript levels of FGFR1, 2 and 3 did not form lens fibre 

cells showing that transcript level changes of these receptor can influence FGF 

mediated differentiation (Zhao et al., 2008). Additionally, the avian study also 

show that FGF signalling in turn promotes the expression of BMP target genes 

showing how interconnected and mutually regulating the two signalling 

pathways can be (Boswell and Musil, 2015). In our experiments, FGFR transcript 

levels are upregulated upon BMP4 signalling which could point to the 

mechanism of how these two singling pathways cooperate to induce hepatic 

genes expression. 

The changes in genes associated with WNT signalling were not so clear. Wnt 

signalling blocks the expression of at least one of the hepatic factors, HHex, 

therefore antagonists of this signalling pathway need to be expressed in the FE 

for correct liver specification (McLin et al., 2007). Our RNA sequencing showed 

expression of some WNT antagonists, such as NKD1 or FRZB. NKD1 has been 

identified as one of direct targets of FGF signalling during human PSC 

differentiation to LPC. NKD1 knockout hiPSC line showed significantly decreased 
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expression of hepatic markers following the differentiation towards LPCs and 

this suppression was corrected by addition of XAV939, a small molecule WNT 

inhibitor (Twaroski et al., 2015). Upregulation of NKD1 in our BMP4 samples 

indicates that BMP4 signalling also has a role in regulating this pathway. 

However, more studies are needed to understand the mechanism of this 

regulation. To complicate the picture, two others well know inhibitors of this 

pathway, DKK1 and WIF1, are downregulated in the BMP samples. Similarly, the 

expression changes in WNT receptors are not straightforward. FZD2 and FZD5 

are downregulated in BMP samples while FZD4 is upregulated. Kinetic binding 

assays revealed that WNT ligands have varying binding affinities for different 

members of FZD receptors family. WNT-3A binds strongly to FZD2/4/5 but WNTs 

4, 5A or 5B are more restricted in FZD receptor activation (Dijksterhuis et al., 

2015). Therefore, on the basis of our results, it is difficult to gain an 

understanding of how BMP4 signalling might influence the WNT pathway. 

4.4.3. BMP4 signalling induces TF changes 

We were interested in the changes in TFs during the specification of LPCs. To 

date, only three TFs have been shown to be essential to hepatic specification. In 

double Foxa1 and Foxa2 knockout mice, there is no liver bud formation. These 

two factors act in a redundant fashion as single knockout of either of them did 

not result in big abnormalities in liver development (Lee et al., 2005). Similarly, 

Hnf1β knockout mice show no liver bud formation or hepatic gene expression. 

Pancreas development is also affected suggesting a wider defect in the 

competence of FE (Coffinier et al., 2002). HNF4α has been shown to be a critical 

factor for hepatic specification in hESC differentiation (Delaforest et al., 2011), 

however in in vivo experiments on knockout mice liver specification occurred 

and a defect appeared at the stage of hepatocyte differentiation (Parviz et al., 

2003). Our RNA sequencing experiment identified a number of DEx TFs between 

cells differentiated in the presence or absence of BMP4 signalling. Little is known 

about the role of these TFs in hepatic development but many of them are 

involved in differentiation and specification of different tissues around the body.   
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HEY1 and HEY2 proteins are well known direct targets of Notch signalling in 

cardiovascular system development and mostly function as transcriptional 

repressors (Weber et al., 2014). However, both TFs have been shown to be 

activated by various BMP ligands in different developmental settings. HEY1 is 

regulated by BMP9 signalling during osteoblast lineage differentiation of 

mesenchymal stem cells. ChIP analysis identified HEY1 as a likely direct target of 

SMAD proteins (Sharff et al., 2009). HEY2 is induced by BMP signalling in the late 

phase differentiation of the retina (Kuribayashi et al., 2014). The two factors 

were shown to share many targets and binding sites, inducing mainly gene 

suppression. They have roles in cardiac development and disease, vascular 

development, myogenesis, bone development and homeostasis and neural 

development (Weber et al., 2014). 

Similarly, MSX1 and MSX2 are involved in several aspects of human 

development. They have been shown to function in a redundant manner in limb 

development (Lallemand et al., 2005) and MSX2 is a downstream mediator of 

BMP4 signalling during the EMT of differentiating hESCs (Richter et al., 2014). 

Considering that our RNA sequencing screen showed that some EMT associated 

genes are downregulated in the BMP samples and that these two TFs are 

involved in many other developmental processes, they are interesting 

candidates for further study of their role in hepatic specification.  

TBX3 is already a known TFs involved in hepatic development (Suzuki et al., 

2008) and TBX2 and TBX3 have redundant roles in mice lung development 

(Ludtke et al., 2016). TBX2 is a transcriptional suppressor involved in heart, 

brain, eye, bone, limb and mammary gland development and it has also been 

implicated in cancer, including liver cancer (Abrahams et al., 2009).Search for 

publications on TBX2 or TBX20 involvement in liver development has not 

returned any results.  

The redundant roles of some of the TFs identified in our DEx analysis must be 

taken into consideration when planning functional studies. Single knockouts 

frequently do not induce an abnormal phenotype and the involvement of the 

TFs in specific developmental program may be missed. Therefore, double or 
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triple knockdown or knockouts experiments need to be considered for further 

study of these TFs.  

4.4.4. BMP4 induced lncRNA changes 

Our RNA sequencing has also identified a number of DEx lncRNAs. This class of 

transcripts (non-coding, longer than 200nt) has gained much attention since the 

advent of high throughput signalling techniques and the realisation that almost 

every nucleotide of the DNA is transcribed under certain conditions and that 

only around 2% of DNA codes for proteins (Djebali et al., 2012).  A well-known 

role for lncRNA is X-chromosome inactivation in female mammals by Xist (Penny 

et al., 1996), but these transcripts have now been implicated in the control of 

pluripotency and differentiation as well as cancer and other diseases.  In 

development, two lncRNAs have been shown to control TFs important for 

endoderm differentiation. DIGIT controls the expression of Gooscoid, while 

DEANR1 has been implicated in SMAD2/3-mediated FOXA2 transcription (Jiang 

et al., 2015, Daneshvar et al., 2016). The analysis of DEx transcripts identified a 

high number of DEx lncRNAs. TBX2-AS1 was one of the most strongly 

upregulated lncRNAs in BMP24 samples. Similarly, three other TFs associated 

lncRNAs showed up in the top ten most upregulated hits: GATA2-AS1, GATA3-

AS1 and GATA6-AS1 lncRNAs. All of those lncRNAs are anti-sense and 

overlapping their respective TFs. All associated TFs were also hits in the DEx TF 

screen. It is an interesting question if the expression of these TFs is somehow 

regulated by lncRNAs and how the expression of lncRNAs is controlled by BMP4 

signalling.  
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Chapter 5. Generation and validation of inducible hiPSC 

lines for the functional study of candidate transcription 

factors upregulated by BMP4 signalling during hepatic 

specification 

5.1. Introduction  

In chapter 4 we identified TFs that are upregulated very early upon the 

activation of BMP4 signalling during the specification of LPCs from foregut 

endoderm. We hypothesise that those TFs are either direct or indirect effectors 

of BMP4 signalling and therefore can be of critical importance for early liver 

development. We have selected 9 candidates for functional study. Initially, we 

planned to study the effects of gene knockdowns, knockouts and 

overexpression on the progression of the hepatic specification. However, the 

effects of COVID pandemic have severely limited the time available in the 

laboratory and the scope of experiments we were able to conduct. Therefore, 

we focused on the study of the loss-of-function of our candidate genes as the 

building of plasmids necessary for this part of the project was most advanced at 

the time of COVID interruption. As shown in Chapter 3, the strategies for 

transfection and nucleofection of foregut endoderm monolayer were 

suboptimal. To circumvent the issue we identified a method of conditional 

manipulation of gene expression in hiPSC and its differentiated derivatives via 

inducible shRNA expression (Bertero et al., 2018).  

5.1.1. Conditional expression of shRNAs against candidate TFs in hiPSCs 

The protocol published by Bertero et al., details an OPTimized inducible 

Knockdown (OPTiKD) method for rapid genetic modification of hPSCs with a 

customisable transgene that enables conditional expression of specific shRNA 

against single or multiple gene/s of interest. The transgene is targeted to an 

AAVS1 locus designated as a ‘safe harbour’ (Figure 5-1a). Such locus is reported 

to be expressed in majority of human tissues, to be resistant to silencing during 

differentiation and can be modified without negative effects on normal 
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functioning of the cellular activity (Sadelain et al., 2012). The cells are genetically 

modified by introduction of double strand breaks (DSB) in the targeted AAVS1 

region, triggering cellular DNA repair mechanisms: non-homologous end joining 

(NHEJ) or homology directed repair (HDR) (Chatterjee and Walker, 2017). The 

latter repair mechanism can facilitate the introduction of a transgenes into the 

site of the DSB (Figure 5-1b). The template for the repair is provided with the 

pAAV_puro_siKD (siKD) plasmid. The introduced transgene contains all the 

functional elements necessary for the OPTiKD method between the homology 

arms (Figure 5-1a). The transcription of the shRNAs is controlled via the TET OFF 

system (Figure 1-1). In the absence of tetracycline, the transcription of shRNAs 

is blocked by the binding of tetracycline-sensitive repressor protein (TetR) to the 

tet operone sequences (TO) within the H1 promoter. The addition of 

tetracycline induces confirmational change in the TetR protein and its 

dissociation from the H1 promoter, enabling the transcription of the shRNAs to 

proceed. This method allows the temporal control of knockdown in dose-

responsive and reversible fashion (Kallunki et al., 2019). The inducible nature of 

the system was advantageous for our study as it allowed the avoidance of 

knockdown effects at the earlier stages of differentiation. TFs are known to have 

dual functions during development (Kyle and Lim, 2011, Wang et al., 2012), 

therefore it was crucial to ensure any observed effects on hepatic specification 

are due to gene knockdown at the time of the specification and not a 

consequence of earlier disturbance to differentiation. 
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5.1.2. CRISPR/Cas9 targeting of the AAVS1 locus 

The Bertero protocol introduces DSB in the AAVS1 locus with the use of Zinc 

finger nucleases, a class of programmable nucleases that can be targeted to the 

locus of interest. In our study, we decided to use CRISPR/Cas9 system, a most 

recent method to genetically modify cells. We had access to previously designed 

and validated guide RNAs targeting the required area of the AAVS1 locus. 

Additionally, the traditional Cas9 enzyme inducing DSB was replaced with its 

mutated version, Cas9 D10a, with nickase activity. Wild type (WT) Cas9 enzyme 

has been shown to produce multiple off target mutations as up to 5 mismatches 

are tolerated within the guide RNA (Fu et al., 2013). DNA cuts in random 

locations can introduce mutations when the DNA is fixed by NHEJ, and an 

insertion/deletion (indel) is created. Cas9D10a creates SSB in the DNA and to 

 

Figure 5-1 AAVS1 locus targeting for inducible expression of shRNAs. 
a) Schematic of AAVS1 locus and targeting site within the intron  of PPP1R12C gene and 
components of the transgene cassette; b) Mechanism of DSB repair by homology 
directed repair.  
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create DSB for HDR to occur it needs to be directed to the cut site by two 

different guide RNAs. This significantly reduces the chances of random DSB 

occurring somewhere else in the genome (Shen et al., 2014). 

5.2. Chapter aims and objectives 

The aim of this chapter was the generation of several inducible knockdown 

hiPSC lines. Each line was engineered to contain conditionally inducible 

transgene in a ‘safe harbour’ locus capable of expressing shRNAs targeting our 

selected TFs. Modified hiPSC cells lines were differentiated to hepatic 

progenitors and the effect of specific genes knockdowns on specification of 

hepatoblasts were determined by morphology and gene expression analysis.  

5.3. Results  

5.3.1. Preparation of donor template and CRISPR plasmids 

To create hiPSC cells lines with inducible secretion of shRNAs designed to 

knockdown our TFs of interest we obtained 4 plasmids. Targeting plasmid for 

AAVS1 locus, pAAV_puro_siKD, that can easily be modified to contain required 

shRNAs, was designed and created by (Bertero et al., 2016). It was purchased 

via addgene.org website (Plasmid #86695) and delivered as a bacterial stab 

(Figure 5-2a). The plasmid was purified and quality checked by Sanger 

sequencing of the H1+TO and multiple cloning site (MSC) to ensure correct 

sequence for modifications of the plasmid (Figure 5-2 b). Additionally, diagnostic 

digest with EcoRI and Psil restriction enzymes was performed to quality check 

the plasmid backbone. The double digestion yielded three bands of roughly the 

right size at 3938bp, 3551bp and 1998 bp (Figure 5-2 c). Further, the plasmid 

was linearised by double digestion with BglII and SalI enzymes and 

dephosphorylated with alkaline phosphatase in preparation for cloning with 

shRNA oligos. The double digestion of the plasmid creates DNA fragments of 

21bp and 9466bp. The smaller fragment cannot be visualised on the same 

agarose gel as the large one and therefore, to confirm the successful 

linearisation of the digested plasmid, it was run on the gel alongside its circular, 
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undigested form (Figure 5-2 d). The supercoiled DNA can travel faster in the gel 

and can help identify the fully digested plasmid. 
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Figure 5-2 Quality control and preparation of the pAAV_puro_siKD plasmid. 
a) Plasmid map detailing elements of the targeting vector; b) Sequencing check of the 
promoter, Tet operon (H1+TO) and MSC regions of the plasmid; c) Diagnostic digestion 
of the plasmid with EcoRI and PsiI restriction enzymes; d) Plasmid linearization using 
BglII and SalI restriction enzymes.  
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The CRISPR/Cas9 plasmids for targeting of the intron of the PPP1R12C gene 

within the AAVS1 locus were kindly provided for our experiments in purified 

form by the Denning lab (Figure 5-3 a, c). Guide RNAs were designed and 

produced by Dr Jamie Bhagwan. Quality check by Sanger sequencing of the 

guide RNA and RNA scaffold region confirmed correct sequences (Figure 5-3 b). 

Partial sequence of the Cas9 D10a was also performed as a quality check (data 

not shown).  
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Figure 5-3 CRISPR/Cas9 plasmids for targeting of the AAVS1 locus.  
a) Plasmid maps of guide RNAs: b) Sanger sequencing check of the guide RNA and 
scaffold RNA; c) Plasmid map of Ca9 D10A containing plasmid. 
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5.3.2. Creation of individual pAAV_puro_siKD plasmids (siKD) 

The initial step to create Multi pAAV_puro_siKD (MsiKD) plasmid with shRNAs 

against multiple genes was to create the individual pAAV_puro_siKD plasmids 

with individual shRNAs targeting each of our selected TF. Figure 5-4 a, b, c, d 

explains the generic cloning strategy on the example of constructs with shRNAs 

against TBX genes. DS shRNA oligos were ligated into an empty siKD vector. The 

ligated constructs were transformed in bacteria and individual bacterial colonies 

were PCR-screened. Insertion of the DS oligo into the empty vector produces a 

DNA fragment that is 37bp longer than one produced from an empty plasmid. 

The change is subtle but clearly visible (Figure 5-4 e). Positive colonies were 

expanded and sent for Sanger sequencing to confirm correct insertion and 

sequence of each shRNA (Figure 5-4 f). SiKD constructs for shRNAs against GATA, 

MSX, MAF and HEY genes were created following the same procedure. SiKD_SCR 

(Scramble shRNA) construct was also produced. (Figure 5-5;Figure 5-6). 
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Figure 5-4 Building of the pAAV_puro_siKD plasmids for individual TBX genes. 
a) Empty pAAV_puro_siKD plasmid; b) pAAV_puro_siKD plasmid digested with BglII and SalI 
restriction enzymes; c) Annealed DS shRNA oligos with sticky ends complimentary to BglII and 
SalI restriction sites; d) pAAV_puro_siKD plasmid with ligated DS shRNA oligo; e) PCR screen 
of bacterial colonies following ligation of the plasmid and DS shRNA oligos for individual TBX 
genes; f) Sequencing confirmation of correct insertion and sequence of inserted shRNAs.  
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Figure 5-5 Building of the pAAV_puro_siKD plasmids for individual GATA and MSX genes.  
a),c) PCR screen of bacterial colonies following ligation of the plasmid and DS shRNA oligos; b),d) 
Sequencing confirmation of correct insertion and sequence of inserted shRNAs. 
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5.3.3. Creation of Multi pAAV_puro_siKD plasmids (MsiKD) 

The next step was to create constructs that contained 2 or 3 shRNAs against 2 

or 3 members of the same gene family. Figure 5-7 (a, b, c) explains the cloning 

 

Figure 5-6 Building of the pAAV_puro_siKD plasmids for individual HEY and MAF genes 
and Scramble shRNA.  
a),b) and c) Bacterial colony screen following ligation of the plasmids and DSs oligos for 
HEY, MAF and Scramble constructs, respectively; d),e) and f) Sequencing confirmation of 
correct insertion and sequence of HEY, MSX and Scramble DS shRNA oligos, respectively. 
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strategy for triple shRNA assembly for TBX plasmid. Individual siKD TBX plasmids 

were amplified with specific PCR primers to create shRNA cassettes. Those 

cassettes contained the H1 promoter, TO, shRNA and sequences complimentary 

to, either the plasmid backbone, or each other (Figure 5-7a). The cassettes were 

cloned into an empty pAAV_puro_siKD plasmid, previously digested with BstBI 

and HincII restriction enzymes (Figure 5-7b), by Gibson assembly creating 

MsiKD_TBX plasmid (Figure 5-7c). Successful cloning was identified by bacterial 

PCR. The assembly of three shRNA cassettes created a band of around 1.6kb 

(Figure 5-7d). Positive colonies were sent for sequencing with several primers to 

confirm insertion and correct sequence of each TBX shRNA cassettes (Figure 

5-7e). MsiKD_GATA and MsiKD_HEY were produced following the same 

procedure (Figure 5-8). Creation of MsiKD_MSX involved assembly of two shRNA 

cassettes with the empty vector (Figure 5-9a, b, c). PCR screen produced a band 

of around 1.2kb (Figure 5-9d). Positive colonies were sent for Sanger sequencing 

to check the insertion and correct sequence of each MSX cassette (Figure 5-9e). 

MsiKD_MAF was produced following the same procedure (Figure 5-10).  
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Figure 5-7 Cloning strategy for building of the MsiKD_TBX (triple assembly). 
a) Individual siKD plasmids are PCR amplified with specific primers containing overlap regions with either the plasmid backbone or each other, to create shRNA 
cassettes; b) Empty siKD plasmid is linearised by digestion with BstBI and HincII restriction enzymes; c) The shRNA cassettes and digested plasmid are cloned 
using Gibson assembly and produce MsiKD_TBX plasmid; d) Bacterial colony screen for triple assembly of TBX shRNA cassettes; e) Sanger sequencing of colony 
7.  
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Figure 5-8 Building of the MsiKD for GATA and HEY genes.  
a),c)PCR screen following Gibson assembly of GATA and HEY shRNA cassettes, 
respectively; b)c) Sanger sequencing confirmation of correct integration and sequence 
of MsiKD_GATA and MsiKD_HEY, respectively. 
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Figure 5-9 Cloning strategy for building of the MsiKD_MSX (double assembly). 
a) Individual siKD plasmids are PCR amplified with specific primers containing overlap regions with either the plasmid backbone or each other, to create shRNA 
cassettes; b) Empty siKD plasmid is linearised by digestion with BstBI and HincII restriction enzymes; c) The shRNA cassettes and digested plasmid are cloned 
using Gibson assembly and produce MsiKD_MSX plasmid; d) Bacterial colony screen for double assembly of MSX shRNA cassettes; e) Sanger sequencing of 
colony 11.  
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5.3.4. HiPSC transfection and selection 

Once construction of all targeting vectors was completed, we proceeded to 

genetic modification of our hiPSC cell line R-PAT M. The outline of the 

transfection strategy to create inducible knockdown cell lines is shown in Figure 

5-11.  

 

 

Figure 5-10 Building of the MsiKD MAF gene.  
a) PCR screen following Gibson assembly MAF shRNA cassettes; b) Sanger sequencing 
confirmation of correct integration and sequence of MsiKD_MAF 
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Figure 5-11 HiPSC targeting steps. 



Paulina Maria Durczak 148 The University of Nottingham 

Firstly, the selection step of our strategy needed optimization. The integrated 

transgene contained antibiotic resistance gene puromycin-N-acetyltransferase 

(PAT) which inhibits protein synthesis inhibitor puromycin. Therefore, 

puromycin treatment of transfected cells can enrich for successfully targeted 

cells. Puromycin resistance test was performed on our unmodified hiPSC line to 

identify puromycin concentration that kills 100% of cells at 48hrs. Puromycin 

concentration of 0.3g/ml was shown to be sufficient to eliminate virtually all 

cells within 48hrs (Figure 5-12). 
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Figure 5-12 Puromycin resistance test of R-PAT M cell line. 
Cells were seeded at 20k/cm2 density and allowed to proliferate for 48hrs.Specified concentration of puromycin was added every 24hrs with the media change. 

Representative microscopy images show changes in cell confluence in increasing puromycin concentration over 72hrs (n=2). Scale bar = 200m. 
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Once the optimal concentration of puromycin was identified for selection, we 

proceeded with targeting of the R-PAT M hiPSC line with all the MsiKD 

constructs. CRISPR and MsiKD plasmids were complexed and delivered to the 

cells using Lonza nucleofection kit with Amaxa nucleofector. Transfection 

efficiency was monitored for each targeting with flow cytometry analysis of GFP 

expression. Post nucleofection, cells were seeded into the 6 well plate and 

allowed to recover and expand for 48hrs. Next, the cells were seeded into a 

53cm2 petri dish for puromycin selection using 0.3g/ml concentration. 

Following selection, cells were manually dissected using a stem cell cutting tool. 

A small fragment of each colony was collected for direct gDNA extraction and 

PCR genotyping, and the remaining fragments were placed in a well of a 24 well 

plate for further expansion (Figure 5-13). The manual dissection method gave 

an excellent survival of the picked clones (95.1%±6.3%). Clones determined as 

successfully targeted on the basis of PCR genotyping were expanded through 

successive splitting from 24wp to-12wp to T25 format.  
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5.3.5. Genotyping of MsiKD clones 

To establish if the picked clones were successfully targeted, i.e.: the OPTiKD 

cassette was integrated at the right position in the genome, with no spare 

plasmid copies and homozygous/heterozygous manner, five PCR reactions were 

performed following Bertero protocol (Bertero et al., 2018). 

 

Figure 5-13 Targeting of R-PAT M hiPSC with MsiKD_TBX plasmid. 
a) R-PAT M cells were transfected using Lonza nucleofection kit. The efficiency of each 
nucleofection was monitored by fluorescent microscopy. The percentage of live cells 
positive for GFP was assessed using flow cytometry and was used to monitor the 
efficiency of each transfection; b) Following nucleofection, cells were transferred to a 
petri dish and were selected by a 48hrs puromycin treatment. Surviving cells were 
allowed to grow into colonies before manual dissection. Positive clones were expanded 

into a monolayer in a T25 format. Scale bars = 250m. 
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Figure 5-14 Strategy for genotyping of MsiKD clones. 
a) PCR reaction 1 and 2 identify successfully inserted OPTiKD cassette within the AAVS1 
locus; b) PCR reaction 3 amplifies a region from outsides of both homology arms. When 
the OPTiKD cassette is correctly inserted the DNA fragment between two primers 
becomes over 6kb long and there is a failure of amplification. The reaction allows 
identification of negative clones or heterozygous clones (presence of gel band of 1.7kb 
(3a)) and homozygous clones (no gel band present (3b)); c) Reactions 4 and 5 identify the 
presence of extra copies of the plasmid within the genome.  
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Primers for reactions 1 (5’INT) and 2 (3’INT) covered the region of the genome 

from outside of the homology arms to within the OPTiKD cassette (Figure 5-14a). 

Amplification of the product indicates successful integration of the cassette 

within the AAVS1 locus of the cell’s genome.  

Primers for PCR reaction 3 (Locus) were complimentary for regions in the AAVS1 

locus just outside the homology arms (Figure 5-14 b). PCR reaction of negative 

or heterozygous clones produces a gel band of 1.7kb in length. For homozygous 

clones, no band would be produced due to amplification failure as the insertion 

of the transgene changes the length of the DNA between the primers to over 

6kb. 

PCR reactions 4 (5’BB) and 5 (3’BB) detect the presence of extra copies of the 

targeting plasmid. The primers are complimentary to regions of the plasmid 

backbone outside of the homology arms and should not be present in correctly 

targeted clones without random integration of extra plasmid copies (Figure 

5-14c). 

To speed up the genotyping process we introduced some changes to the PCR 

set up of the reactions 1 and 2. We used direct tissue gDNA extraction kit by 

Thermofisher. The kit is designed for rapid gDNA extraction form a small colony 

fragment enabling us to start the genotyping process as soon as the colonies 

were picked. Additionally, Phire polymerase included in the kit has a faster 

amplification rate compared to Long Amp polymerase (20s/kb vs 50s/kb), which 

shortens the PCR reaction time significantly. Finally, Phire master mix contains 

loading dye which speeds up the loading of gel electrophoresis. Those features 

have significantly shortened the time needed for genotyping of the picked 

clones and most have been screened by the time they were expanded beyond 

24wp format. This has saved significant amount of time and resources and made 

the process of clones handling less labour intensive. The use of a different 

polymerase required optimisation of primer annealing temperatures. A range of 

temperatures for gradient PCR was selected on the basis of recommendations 

in the Phire kit. PCR programme was adjusted for the Phire polymerase. For 

5’INT all the selected annealing temperatures produced single band of correct 



Paulina Maria Durczak 154 The University of Nottingham 

length (Figure 5-15a) The temperature of 65.1°C was selected for genotyping. 

For 3’INT primers, the annealing temperatures of 69.4oC and 71.2oC produced 

single bands of correct length. The annealing temperature of 69.4oC was used 

for genotyping (Figure 5-15b). Additionally, as colony fragments collected for 

gDNA extraction were small, there was a risk that not enough gDNA was 

extracted for a PCR reaction to occur. To ensure that enough gDNA was present 

in each sample, the Phire kit supplies a pair of primers amplifying a highly 

conserved non-coding region upstream of SOX21 gene in a wide range of 

vertebrate species. Based on kit recommendations, we selected two annealing 

temperatures to check the primers’ performance. Both temperatures amplified 

a band of correct length for all samples (Figure 5-15c) and the temperature of 

72.6oC was selected for screening.  
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To streamline the genotyping process, only clones showing amplification in 

5’INT and 3’INT reactions were taken for further screening.  

 

Figure 5-15 Optimization of primer annealing temperature for Phire polymerase.  
a) Optimization of genotyping 5’INT primer pair; b) Optimization of genotyping 3’INT 
primer pair; c) Optimization of CTRL primers. 
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R-PAT M cells were targeted using six different constructs with shRNAs against 

our TFs of interest. Genotyping was performed after clones were picked form 

each targeting and only positive clones (homozygous or heterozygous) were 

expanded and banked for further study. 

Genotyping of the MsiKD_TBX clones showed 13/48 clones with OPTiKD 

cassette integration at the AAVS1 locus (Figure 5-16) . Further screening showed 

that 8/13 were homozygous and 5 out of the 8 homozygous clones had no extra 

copies of randomly integrated plasmid (Figure 5-17). 

Genotyping of MsiKD_MAF clones showed 10/24 of clones with OPTiKD cassette  

integration at the AAVS1 locus. Further screening showed 7/10 were 

homozygous and of those 7, 5 had no random plasmid integration (Figure 5-18). 

Genotyping of MsiKD_GATA clones showed 8/17 clones with OPTiKD cassette 

integration at the AAVS1 locus. Further screening showed that 4/17 were 

homozygous and of those 4 only 1 had no extra copies of randomly integrated 

plasmid (Figure 5-19). 

Genotyping of MsiKD_HEY clones showed 13/23 clones with OPTiKD cassette 

integration at the AAVS1 locus. In this targeting, all clones showed presence of 

randomly integrated plasmid. Locus screen was not performed (Figure 5-20). 

Genotyping of MsiKD_MSX clones showed 8/13 clones with OPTiKD cassette 

integration at the AAVS1 locus. One clone was homozygous. The screen for 

random plasmid integration was not performed for this targeting (Figure 5-21). 

Genotyping of SiKD_SCR clones (Scramble CTRL) showed 13 clones with OPTiKD 

cassette integration at the AAVS1 locus. 8/13 clones were homozygous and 4 of 

those 8 had no extra copies of the plasmid (Figure 5-22). 
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Figure 5-16 Gel images of PCR reactions for genotyping of MsiKD_TBX clones. 
22 clones were positive for 5’INT integration and 14 for 3’INT integration. 13 clones were 

positive for both 5’INT and 3’INT and were taken for further genotyping. 
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Figure 5-17 Gel images of PCR reactions for genotyping of MsiKD_TBX clones. 
Out of 13 clones taken for further genotyping, 7 showed no band in the Locus screen 
indicating homozygosity and 8 had no random plasmid integration. 5 clones were 
identified as homozygous and clean of random plasmid integration: 4,8,13,41,47. 
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Figure 5-18 Gel images of PCR reactions for genotyping of MsiKD_MAF clones.  
a) 16 clones produced a band in 5’INT screen and 14 in 3’INT screen, 10 produced a band 
in both screens; b) 13 clones were taken for further genotyping and 7 produced no band 
in the Locus screen indicating a homozygous clone; c) 5 clones showed no extra copies 
of randomly integrated plasmid. Clones 18,19 and 21 we homozygous and with no extra 
plasmid copies. 
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Figure 5-19 Gel images of PCR reactions for genotyping of MsiKD_GATA clones. 
a) 12 clones showed a band in the 5’INT screen and 12 in 3’INT screen. 8 clones were 
double positive; b) 4 clones showed no amplification in the locus screen; c) 2 clones had 
no extra copies of randomly inserted plasmid. Clone 17 was the only homozygous clone 
with no randomly integrated plasmid. 
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Figure 5-20 Gel images of PCR reactions for genotyping of MsiKD_HEY clones.  
a) 19 clones showed a band in the 5’INT screen and 14 in the 3’INT screen. 13 were 
double positive; b) None of the picked clones was clean of randomly integrated 
plasmid.  

 

Figure 5-21 Gel images of PCR reactions for genotyping of MsiKD_MSX clones.  
8 clones produced a band in both 5’INT and 4’INT screen. Clone 6 produced no band 
in the Locus screen and was the only homozygous clones in this targeting. 
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In summary, the slightly modified Bertero protocol enabled rapid creation 

(approx. 4 weeks) of cell lines in which conditional manipulation of TFs 

expression is possible. On average, 95% of picked clones survived the picking 

process and 57% of picked clones were identified with correct insertion of the 

OPTiKD cassette into the AAVS1 locus. Of those correctly targeted clones, 27% 

 

Figure 5-22 Gel images of PCR reactions of Scramble clones.  
a)15 clones produced a band in the 5’INT screen and 14 in the 3’INT screen. 13 clones 
were double positive; b) 8 clones produced no band in the locus screen; c) 5 clones 
had no extra copies of randomly integrated plasmid. Clones 7,8,15 and 24 were 
homozygous with no extra plasmid copies. 
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were identified as homozygous but only on average 16% were clean of extra 

copies of the plasmid backbone within the genome (Figure 5-23). 

Where possible, homozygous clones without random integration were taken for 

validation of the knockdown experiments. In some cases, heterozygous clones 

were also used for validation. For MsiKD_GATA and MsiKD_HEY targeting, 

clones with random integration of the plasmid were also tested in further 

experiment due to either no clone clean of random integration or clones that 

were not checked for random integration of the plasmid.  

 

5.3.6. Validation of the MsiKD cell lines  

Where possible, three clones with each construct were selected to identify one 

with the best knockdown efficiency. As most of our candidate TFs are not 

expressed at the pluripotent stage, each clone was differentiated to the liver 
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Figure 5-23 Summary of the targeting strategy for creating inducible hiPSC cell lines. 
 a) Percentage survival calculated as number of clones that survived 5 days after 
manual dissection. Percentage positive clones calculated as the number of picked 
clones with correctly inserted OPTiKD cassette. Mean +/-SD. (n=7); b) Positive clones 
were tested for homozygosity and presence of extra copies of the plasmid backbone 
in the genome. Mean +/- SD (n=5).  
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progenitor cell stage at which point the knockdown efficiency was checked. 

Production of shRNAs was induced by addition of tetracycline (TET) at the last 

day of foregut differentiation. TET was continuously added to cell culture media 

for the duration of liver progenitor specification. Cell morphology during the 

differentiation was assessed and RNA was collected to check the knockdown 

efficiency by qPCR. Additionally, AFP or TTR levels were checked as an initial 

screen of knockdown effects on the specification of hepatocytes. 

Three MsiKD_GATA clones were selected for screening: clone 8, 10 and 13. 

There were no morphological differences during the specification of LPCs in any 

of the clones. Analysis of the knockdown efficiency by qPCR has shown no 

knockdown or changes in the expression levels of AFP or TTR genes (Figure 5-24, 

Figure 5-25, Figure 5-26). As no knockdown was observed, no further 

experiments were conducted on the MsiKD_GATA clones. 

Three MsiKD_HEY clones were selected for screening: clone 1, 3 and 9.  

Clone 1 showed no morphological differences between -TET and +TET cells 

(Figure 5-27a). The qPCR analysis of mRNA expression showed a good 

knockdown of HEY1 gene with 74%, 81% and 76% decrease in HEY1 mRNA levels 

on hepatic specification days 1, 2 and 4, respectively. HEY2 mRNA levels showed 

significantly decreased levels on day1 of hepatic specification (48%). TTR mRNA 

levels showed 68% reduction on day 1 of specification but remained unaffected 

as the specification continued (Figure 5-27b).  

Clone 3 showed no morphological differences between -TET and +TET cells 

(Figure 5-28a). The qPCR analysis showed a good knockdown of both HEY1 and 

HEY2 mRNA levels, with a stronger knockdown of HEY1 mRNA of 61%,75% and 

67% on days 1, 2 and 4 of specification, respectively. HEY2 mRNA levels 

decreased by 42%, 21% and 37% on day 1,2 and 4, respectively. There was no 

statistically significant reduction in the levels of the TTR mRNA expression 

(Figure 5-28b). Although there is a significant knockdown of both genes, the 

initial screen indicated that there was no disruption of the hepatic specification 

as shown by unchanged TTR levels. This is, however, only an initial screen and 

further experiments are necessary to determine if knockdown of HEY genes 
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affects hepatic specification. Additionally, the success of the knockdown needs 

to be checked on the protein level by Western blot analysis.  

MsiKD_HEY clone 9 showed no morphological differences between the -TET and 

+TET cells (Figure 5-29a). The qPCR analysis of the mRNA levels showed HEY1 

knockdown on day 2 only of hepatic specification (68% reduction).  HEY2 levels 

were unaffected. There was a small reduction in TTR mRNA levels on day 1 of 

specification (Figure 5-29b). 

MsiKD_HEY clone 3 was identified as the best candidate for further study of the  

possible role of HEY1 and HEY2 genes in the specification of hepatoblasts. 

Three MsiKD_MSX clones were tested: 5, 8 and 11. There was no differences in 

morphology upon the induction of shRNA against MSX1 and MSX2 secretion in 

any of the selected clones (Figure 5-30a, Figure 5-31a, Figure 5-32a). There were 

virtually no differences in the mRNA expression levels of MSX1, MSX2 or TTR in 

any of the clones (Figure 5-30b, Figure 5-31b, Figure 5-32b). Clone 8 showed 

46% reduction in mRNA levels of MSX1 on day 4 of hepatic specification, but on 

days 1 and 2 it showed a reverse trend where MSX1 levels were significantly 

higher in the TET induced cells vs TET non-induced (Figure 5-31b). The screen 

has not identified any suitable clone for further experiments. 

Of the three MsiKD_TBX clones tested: 4,11 and 41, clone 4 has showed 

morphological differences during the differentiation (Figure 5-33a). From day 2 

of liver progenitor specification, the cells show a less compact monolayer which 

remained so until the end of specification at day 4 (Figure 5-33b). QPCR analysis 

of mRNA levels showed no significant difference in the mRNA levels of TBX2 

gene but a good knockdown of TBX3 gene of 74%, 59% and 87% at day 1, 2 and 

4 of liver specification, respectively. TBX20 mRNA levels also showed decreased 

expression of 78%,57% and 34% on day 1, 2 and 4 respectively, although the 

reduction on days 2 and 4 did not reach statistical significance. The levels of TTR 

mRNA were also affected. On day 1 of specification there was a 84% reduction 

in the mRNA levels of TTR gene and on day 4 the levels were reduced by 42% 

(Figure 5-33). This is an indication that the knockdown of the TBX3 and TBX20 

can possibly influence the molecular network governing hepatic specification.  
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MsiKD_TBX clone 8 showed no difference in morphology between -TET and + 

TET cells (Figure 5-34a). TBX2 mRNA levels were unaffected but there was a 

decrease in TBX3 mRNA levels of 59%, 28% and 67% on days 1,2 and 4, 

respectively. TBX20 mRNA levels were also affected on day 1 and 2, by 64% and 

46% respectively. There was a reduction in TTR mRNA levels on days 1 and 2 by 

50% and 20%, respectively (Figure 5-34b). This indicates a successful TBX3 and 

TBX 20 knockdowns that possibly affect early hepatic specification.  

Clone 41 showed no differences in morphology between -TET and + TET cells 

and there was no significant knockdown of any of the TBX genes (Figure 5-35). 

MsiKD_TBX clone 4 was selected for further experiments to understand the role 

of TBX TFs in the specification of liver progenitors. 

Due to technical difficulties only one MsiKD_MAF clone was screed for the 

efficiency of the knockdown. Clone 21 showed no morphological differences 

between -TET and +TET cells (Figure 5-36a). QPCR analysis showed reduction in 

MAF mRNA levels of 46% and 31% on days 2 and 5 of specification, respectively. 

TTR mRNA levels were reduced by 39%, 30% and 40% on days 1, 2 and 4 of the 

specification, respectively (Figure 5-36b). The results indicate a functional 

knockdown of the MAF TF with possible consequence for the specification of 

liver progenitor cells and the clone can be taken for further experiments. 

Lastly, the MsiKD_SCR cell line was created as a control cell line. In si/shRNA 

experiments scramble control is routinely used to determine that observed 

effects are due to knockdown and not the activation of the RNAi pathways 

within the cell. Additionally, in our system it can also determine that the 

observed effect is not due to the consequences of tetracycline addition on the 

physiology of the cell. We have differentiated one MsiKD-SCR clone to hepatic 

progenitor cells and observed no difference in cell morphology between -TET 

and +TET cells (Figure 5-37a). We also analysed the mRNA expression levels of 

all TFs selected from the RNA seq. screen for which the knockdown cells lines 

were created and observed no effect on the mRNA levels (Figure 5-37b). We 

also looked at the mRNA levels of major hepatic genes to ensure the addition of 

TET or induction of the RNAi pathways does not influence their levels and 
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observed no effect (Figure 5-38). These results support the assertion that any 

observed effect on the cell’s morphology or mRNA levels expression in our 

inducible cell lines are not due to the tetracycline activity or RNAi pathway 

induction. 

 

Figure 5-24 Knockdown analysis of R-PAT M MsiKD_GATA clone 8. 
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of GATA genes knockdown and AFP expression 
Mean ± SD (n=1). 
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Figure 5-25 Knockdown analysis of R-PAT M MsiKD_GATA clone 10. 
a) Microscopy images of the last stage of differentiation to liver progenitor cells; Scale 

bar = 200m; b) qPCR analysis of GATA genes knockdown and AFP expression Mean ± 
SD (n=1). 
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Figure 5-26 Knockdown analysis of R-PAT M MsiKD_GATA clone 13.  
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of GATA genes knockdown and TTR expression. 
Mean ± SD (n=1). 
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Figure 5-27 Knockdown analysis of R-PAT M MsiKD_HEY clone 1.  
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of HEY genes knockdown and TTR expression. 
Mean ± SD (n=1).  
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Figure 5-28 Knockdown analysis of R-PAT M MsiKD_HEY clone 3.  
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of HEY genes knockdown and TTR expression. 
Mean ± SD(n=3). 
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Figure 5-29 Knockdown analysis of R-PAT M MsiKD_HEY clone 9  
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of GATA genes knockdown and TTR expression. 
Mean ± SD (n=1). 
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Figure 5-30 Knockdown analysis of R-PAT M MsiKD_MSX clone 5  
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of MSX genes knockdown and TTR expression. 
Mean ± SD (n=1). 
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Figure 5-31 Knockdown analysis of R-PAT M MsiKD_MSX clone 8  
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of MSX genes knockdown and TTR expression. 
Mean ± SD (n=1). 
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Figure 5-32 Knockdown analysis of R-PAT M MsiKD_MSX clone 11  
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of MSX genes knockdown and TTR expression. 
Mean ±SD (n=1). 
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Figure 5-33 Knockdown analysis of R-PAT M MsiKD_TBX clone 4  
a),b) Microscopy images of the last stage of differentiation to liver progenitor cells 

(LIV). Scale bar = 200m; c) qPCR analysis of TBX genes knockdown and TTR expression. 
Mean ±SD (n=2). 
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Figure 5-34 Knockdown analysis of R-PAT M MsiKD_TBX clone 8  
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of TBX genes knockdown and TTR expression. 
Mean ±SD (n=1). 
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Figure 5-35 Knockdown analysis of R-PAT M MsiKD_TBX clone 41 
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of MSX genes knockdown and TTR expression. 
Mean ±SD (n=1). 
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Figure 5-36 Knockdown analysis of R-PAT M MsiKD_MAF clone 21  
a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). 

Scale bar = 200m; b) qPCR analysis of MAF gene knockdown and TTR expression. 
Mean ±SD (n=1). 
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Figure 5-37 SiKD_SCR clone 8 differentiation to liver progenitor cells with TET induction.  

a) Microscopy images of the last stage of differentiation to liver progenitor cells (LIV). Scale bar = 200m; b) qPCR analysis of expression of all candidate TFs 
during the specification to liver progenitor cells. Mean ± SD (n=1). 
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Figure 5-38 Expression of liver specific genes in SiKD_SCR clone during liver progenitor 
differentiation.  
Gene expression measured by qPCR. Mean ±SD (n=1). 
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In summary, the initial screen of the correctly targeted MsiKD clones has 

identified the best available clones for further knockdown verification and 

experiments aimed at understanding the consequences of specific TF 

knockdown on the specification of hepatic progenitor cells. Before any further 

experiments are carried out the cell lines need to be fully characterized to 

ensure maintenance of pluripotency and normal karyotype.  

5.3.7. TBX3 and TBX20 knockdown disrupts hepatic specification 

Once a MsiKD cell line with efficient inducible knockdown have been identified 

for a candidate gene, further validation of the cell line was conducted and initial 

gene expression analysis was done by qPCR. 

The MsiKD_TBX cell line has been designed to conditionally induce a production 

of shRNAs targeting three members of the TBX TF family: TBX2, TBX3 and TBX20. 

All three genes have been identified in our RNAseq. as upregulated in BMP4 

induced liver progenitor cells. MsiKD_TBX cell line showed a significant decrease 

in mRNA levels of TBX3 and TBX20, but not TBX2.  However, the cell line could 

still be used to investigate the consequences of the reduction in the two TBX 

genes, especially considering observable changes in hepatic progenitor cell 

morphology upon differentiation in the presence of TET. Gene expression 

analysis has not shown any changes in the expression of major hepatic TFs: 

HNF4alpha, C/EBP alpha or HNF1alpha during the four days of specification 

(Figure 5-39a). However, it showed a decrease in the mRNA levels of liver 

specific genes such as TTR, AFP, AAT and ALB (Figure 5-39b). This could indicate 

that the role of TBX3 and TBX20 was downstream of major hepatic TFs. Next, 

we wanted to check if TBX3/TBX20 knockdown directed the differentiation 

towards other endodermal cell lineages. Analysis of mRNA expression levels of 

major markers of foregut (HHEX), midgut (PDX1) and hindgut (CDX2) showed no 

statistically significant changes in the expression levels between -TET and +TET 

cells (Figure 5-40a). Although, statistical analysis showed no significant 

difference in the mRNA levels of PDX1 TF, there seems to be a trend of higher 

PDX1 expression in the cells with induced TBX3/TBX20 knockdown. There has 

been a recent report indicating that TBX3 knockdown during hepatic 
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specification enhances pancreatic gene expression (Mukherjee et al., 2021). We 

compared the mRNA levels of another two, pancreatic specific genes: HLXB9 

and NKX6.1 between -TET and +TET cells. HLXB9 mRNA levels are increased in 

+TET cells at day 4 of liver specification, compared to -TET cells, but failed to 

reach significance. NKX6.1 mRNA levels show no significant difference (Figure 

5-40b). More biological repeats are necessary to gain a better analysis of 

pancreatic gene expression in the TBX3/TBX20 knockdown. A cell line achieving 

a stronger knockdown activity, or a knockout cell line, could possibly show more 

clearly if TBX3/TBX20 influence pancreatic vs hepatic specification dynamics. 

Additionally, in mice it has been reported that TBX3 deficient hepatoblasts 

deviated towards cholangiocyte fate (Lüdtke et al., 2009, Suzuki et al., 2008). 

We have checked the expression of mRNA levels of cholangiocyte specific genes: 

CK19, OC1 and OC2 (Figure 5-41b). Only OC2 showed significantly different 

mRNA levels at day 2 of liver specification between -TET and +TET cells, however 

the trend is opposite to what would be expected if cholangiocyte fate was 

favoured. No other significant results were observed in cholangiocyte specific 

gene expression. This may be due to physiological differences between mice and 

humans and how the molecular changes are governed in the two species, 

however a more detailed study with more biological repeats is necessary to 

substantiate this claim.  

Another mechanism by which TBX3 may control hepatic development is by the 

regulation of genes involved in hepatoblast delamination and epithelial to 

mesenchymal transition (EMT) (Lüdtke et al., 2009, Mukherjee et al., 2021). Our 

qPCR screen of mRNA expression levels of PROX1, TWIST and SLUG genes 

showed significant changes in the levels of SLUG mRNA between -TET and +TET 

cells, indicating that there may be some disruption to the EMT caused by TBX3 

knockdown. However, this observation would also need verification by more 

biological repeats and a further detailed study. 
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Figure 5-39 QPCR analysis of hepatic gene expression in the MsiKD_TBX cell line. 
a) The mRNA levels of major TFs involved in hepatic specification were unaffected by 
TBX3/TBX20 knockdown; b)The mRNA levels of some hepatoblast specific genes were 
significantly decreased upon TBX3/20 knockdown. Mean ±SD (n=1). 



Paulina Maria Durczak 185 The University of Nottingham 

 

 

Figure 5-40 QPCR analysis of endodermal lineage gene expression in the MsiKD_TBX 
cell line.  
a) The mRNA levels of major markers of foregut, midgut and hindgut are unaffected 
by the TBX3/20 knockdown; b) The mRNA levels of pancreatic genes are unaffected 
by the TBX3/20 knockdown. Mean +/- SD (n-=1). 
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Figure 5-41 QPCR analysis of gene expression in MsiKD_TBX cell line.  
a) The mRNA levels of foregut genes remains unaffected by TBX3/20 knockdown; b) 
The mRNA levels of cholangiocyte specific genes remain mostly unaffected by the 
TBX3/20 knockdown; c) qPCR analysis of changes in expression levels of TFs involved 
in hepatocyte migration and EMT.  Mean +/- SD (n=1). 
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5.4. Discussion 

In this chapter we described the creation of several inducible knockdown 

(OPTiKD) cell lines that would allow us the initial investigation into the role our 

selected TFs have in the hepatic specification.  

5.4.1. Application of CRISPR/Cas 9 for AAVS1 locus targeting 

CRISPR/Cas9 has rapidly overtaken other nuclease systems, such as zinc finger 

nucleases (ZNF) and transcription activator-like effectors (TALENS), as the 

genome engineering tool of choice due to its ease of design and use, higher 

specificity and efficiency, as well as low cost and possibility for multiplexing 

(Khan, 2019). However, it has been shown that Cas9 enzyme can tolerate up to 

five mismatches between the guide RNA sequence and the targeted sequence 

creating off target mutations around the genome (Fu et al., 2013). To improve 

the specificity, it was shown that optimization of the guide RNA sequence or the 

use of a modified version of Cas9 enzyme: Cas9 D10A with nickase activity can 

virtually eliminate the occurrence of off target mutations (Cho et al., 2014). As 

we had access to previously designed and validated CRISPR/Cas9 D10A system 

targeting the same area of the AAVS1 locus (Bhagwan et al., 2020) we decided 

to use this genome engineering tool instead of the ZFNs specified in the Bertero 

protocol. 

The targeting efficiency was high but variable (58% +/- 13.6%). It was, however, 

lower than the quoted 95% achieved by Bertero and colleagues. This could have 

been caused by the use of different genetic engineering tool, user’s experience 

or strictness of puromycin selection. In our experience, R-PAT M cells were more 

susceptible to puromycin treatment following nucleofection and, when the 

puromycin concentration determined in the resistance screen was used, all the 

targeted cells were killed within 48hrs of puromycin treatment despite high 

efficiency of plasmid delivery as determined by monitoring of GFP expression in 

CTRL cells. In initial experiments, to obtain any colonies for picking and screening 

the puromycin concentration had to be halved and maintained so for 48 hrs 

before gradual increase in the concentration for stricter selection. Therefore, 

some of the targeted cells were picked and screened following suboptimal 
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selection step and this could be the reason for lower efficiency and high 

variability in successfully targeted colonies. Perhaps puromycin toxicity testing 

would be more reflective if done following a mock nucleofection.  

On average, the derivation of homozygous clones showed similar efficiency but 

again showed high variability, with some attempts at targeting resulting in no 

homozygous clones. Although heterozygous clones can also be used provided a 

good level of knockdown is achieved, homozygous clones are more likely to 

ensure a strong and consistent level of knockdown (Bertero et al., 2018). The 

low numbers of HM clones are most likely caused by suboptimal clonal selection 

process. The cells post nucleofection were seeded into a petri dish and then 

treated with puromycin. The puromycin selection was stopped once single cells 

were remaining and, once colonies formed, they were picked for screening and 

expansion. Although the plates were observed to exclude colonies forming near 

each other, the process in not optimal and cannot exclude cell migration or 

colonies formed from more than one cell and missed during observation. For 

genuinely clonal cell lines, the cells following puromycin selection should be 

seeded at one per well dilution into a 96 well plate expanded and screened from 

a single cell stage. However, this process is extremely time consuming and 

considering homozygous clones can still be identified from a less strict clonal 

selection, screening of a higher number of colonies could also increase the 

chances of identifying a HM clone. 

The PCR genotyping also showed that a high proportion of positively targeted 

clones had an extra plasmid copy/ies integrated in the genome. Although this 

could be advantageous in terms of induction of higher level of knockdown if 

shRNAs are secreted from more than one locus in the genome, it is generally 

undesired for several reasons. Firstly, the randomly integrated plasmid can 

disrupt unknown genes and confound the interpretation of experimental 

results. Secondly, if placed in a genomic region that undergoes silencing during 

differentiation, it could produce unreliable and inconsistent knockdown effects. 

In our experience, the number of clones positive for random integration of the 

plasmids was quite high, in case of MsiKD_HEY cell lines, all of the correctly 
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targeted clones were also shown to have randomly integrated plasmid 

backbone. One reason for this could be a presence of the plasmid as an episome 

in the cells during the screen. The protocol states that no residual plasmid 

should be left in the cells 2 weeks post transfection. To speed up the screening 

process we were collecting the gDNA at between 13-16 day post nucleofection 

and it is possible that episomal plasmid was still present in the cells. To ensure 

plasmid copies are completely gone from the screen clones, the gDNA for the 

random integration screen should be collected at a later stage, possibly once 

the clone is split into a T25, which usually was at least 21 days after 

nucleofection.  

As the use of paired Cas9 nickases reduces the occurrence of off targets by up 

to 1500 fold (Ran et al., 2013) and no indels are created in predicted homology 

sites for each guide RNA (Cho et al., 2014) we have not performed off target 

screenings of any of the clones. Although this approach does not eliminate the 

possibility of off targets completely, the chances are reduced to the level 

acceptable for our study.  

5.4.2. Knockdown activity 

The main observation from the screen of the several MsiKD clones is that in 

some of the cell lines no knockdown activity was observed. For the MsiKD_GATA 

and MsiKD_MSX none of the tested clones showed a significant knockdown of 

any of the targeted genes, while in MsiKD_TBX and MsiKD_HEY the knockdown 

efficiency was variable between the tested clones and, additionally, in 

MsiKD_TBX only two out of three targeted genes were efficiently knocked down 

in the clone selected for further testing (clone 4). Although it is impossible 

without further experiments to say exactly why the knockdowns failed, there 

are a few possibilities that could explain it. 

Firstly, the shRNA sequences selected for the knockdown could have been 

ineffective. Selection of the optimal shRNA for the experiment is the most 

important part of starting the design of an inducible knockdown cell line 

(Bertero et al., 2018). In our experiments, we have searched for previously 

published shRNA sequences shown to induce a high level of knockdown and yet 
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several of these failed to cause a desired effect. Another approach to selecting 

a good shRNA could be to identify three to four sequences targeting each gene 

and test them on an easily transfected cell line expressing the gene of interest. 

Although this approach requires some extra work, considering the substantial 

effort of creating an engineered hiPSC line it could be justified. However, we 

were limited by time to perform these experiments for a pre-screen study. 

Secondly, it is possible that there was not enough of the shRNA secreted to 

induce significant decrease in the mRNA level of the targeted gene. The Bertero 

protocol recommends a tetracycline dose of 1µg/ml, which may need 

optimization for different cell lines. A dose response experiment for each clone 

could help identify TET concentration that allows a high level of knockdown 

without causing cell toxicity. Unfortunately, due to time restrictions we were 

unable to conduct such experiments. 

Lastly, although a ‘safe harbour’ locus was selected for the transgene insertion 

there have been recent reports suggesting AAVS1 does not fulfil the criteria to 

be called one. Ordova et al., has first described silencing of the transgene 

targeted to the locus in undifferentiated hiPSC due to methylation. They also 

observed a varied expression of a transgene during differentiation of hiPSC to 

hepatocytes, but not other cell lineages (Ordovas et al., 2018). Klatt and 

colleagues observed transgene silencing during hiPSC differentiation towards 

myeloid lineages caused by methylation of the transgene. In this study, the 

silencing was dependent on the type of promoter used for the transgene (Klatt 

et al., 2020). Finally, Bhagwan et al., showed a varied expression of a transgene 

in undifferentiated hiPSC, from complete absence of transgene expression (0% 

of cells positive for the transgene) to a very high one (96.4%). This variation was 

independent of the zygosity status of the clone. They also demonstrated 

transgene silencing upon differentiation to mesodermal lineages, 

cardiomyocytes and haematopoietic cells (Bhagwan et al., 2020). However, 

despite the reported issues each group has managed to identify a clone in which 

silencing did not occur. Therefore, in case of targeting to the AAVS1 locus 

extensive screening of clones may be necessary to identify the best candidate 
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for experimental procedures. This necessity makes AAVS1 locus suboptimal for 

insertion of transgenes and a better candidate should be considered in the 

future.  

In the light of the issues with AAVS1 locus possibly being silenced, the question 

also arises about the usefulness of the scramble control in our system. As the 

scramble shRNA does not target any genes there is no easy way for us to identify 

a clone in which the shRNA is efficiently secreted. If the scramble shRNA is not 

secreted, the RNAi pathways will not be activated in the cell and the main 

purpose of the scramble control is not fulfilled. There are a couple of methods 

that could be applied to check if the control shRNA is secreted, most 

approachable one would be using Taqman probes for the shRNA detection in a 

similar way to how expression of microRNAs is analysed using qPCR. This 

approach requires a purchase of several new reagents for the extraction of short 

RNA and Taqman qPCR master mix, as well as design of a custom probe for the 

detection of our scramble shRNA, all of which presents a substantial extra cost. 

Possibly, an shRNA targeting a ubiquitous protein, such as e.g.: GAPDH, would 

be a better control as the shRNA activity can be easily checked by qPCR. The 

MsiKD_SCR cell line can still be used to assess the effects of tetracycline on the 

cell’s physiology, however such check could also be done on a non-targeted cells 

to gain the same information, therefore, for this purpose only, it would not be 

worth the considerable effort of creating the extra cell line.  

In the case of MsiKD_GATA and MsiKD_MSX cell lines, none of the tested clones 

showed any degree of knockdown. This could be caused by either complete 

silencing of the transgene in all the selected clones or a selection of ineffective 

shRNAs. It is difficult to identify the exact cause without further experiments. 

In the tested MsiKD_HEY cell lines the results were more varied. Two clones 

showed significant knockdown activity although the levels varied between 

them, the third clone showed no significant knockdown. It is therefore more 

likely that the reason for clone 9 failure to knockdown HEY genes upon TET 

addition was due to transgene silencing as the shRNAs are shown to be effective 

by good knockdown results in the other two clones. The variability between the 
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knockdown levels between the two functioning cell lines could also be caused 

by the presence of random integration of the transgene somewhere in the 

genome. We did not identify any MsiKD_HEY cell line with no extra plasmid 

copies and therefore it is possible that the varying levels of knockdown could be 

caused by different levels of shRNAs secretion between the cell lines. Another 

source of knockdown level variability could be the zygosity status of the cell line. 

In case of MsiKD_HEY clones we failed to conduct Locus screening and cannot 

tell which tested cell lines were HM or HT. We could expect that HM cell lines 

would induce a higher level of knockdown with twice as much of each shRNA 

being produced. Also, as our selection was not strictly clonal the cell lines 

identified by PCR as HT clones could actually be a mixture of HM, HT and WT 

cells. This would also lead to inconsistent knockdown results. To verify if the cell 

line is HT or HM a single cell seeding on 96 well plate followed by clone 

expansion and screening should be conducted. 

Similar situation is observed in the MsiKD_TBX tested cell line. Clone 41 showed 

no knockdown activity and clones 4 and 8 showed variable levels of knockdown. 

Additionally, TBX2 shRNA turned out to be ineffective and failed to induce TBX2 

mRNA levels decrease. We can assume this was not due to transgene silencing 

as the other two shRNAs, against TBX3 and TBX20, were secreted and achieved 

a good level of gene knockdown.  

The qPCR screen was only an initial effort at validation of the inducible 

knockdown cell lines. Knockdown success should always be confirmed at the 

protein level by Western blot, which allows rapid, semi-quantitative assessment 

of protein knockdown. Techniques such as flow cytometry and 

immunocytochemistry can provide further insight into the homogeneity of the 

cell population. Additionally, pluripotency status should be checked for each cell 

line by testing the expression of pluripotency genes and differentiation to cell 

lineages of the three germ layers. Karyotyping should be performed to ensure 

that the process of genetic modification has not induced chromosomal changes. 

However, due to time limits caused by the COVID pandemic those experiments 

could not be performed in time. 
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5.4.3. TBX3 and TBX20 knockdown consequences for hepatic specification 

Our RNA seq. screen identified three members of the T-box family of TFs that 

were upregulated upon BMP4 signalling during hepatoblast specification: TBX2, 

TBX3 and TBX20. All three have been reported to have a role in cardiac 

development (Sakabe et al., 2012, Singh et al., 2012). TBX2 and TBX3 have also 

been reported as important in limb (Lopatka and Moon, 2022), lung (Ludtke et 

al., 2016), inner ear (Kaiser et al., 2021), ureter (Aydoğdu et al., 2018) and 

mammary development (Jerome-Majewska et al., 2005). Studies on mice have 

also implicated Tbx3 in the development of the liver. Two reports show that 

Tbx3 knockdown mice have smaller livers compared to wild type and that 

hepatoblast fate decision is skewed toward the cholangiocyte linage. Therefore, 

Tbx3 is suggested to favour hepatic fate by the suppression of cholangiocyte 

specific genes in mice (Suzuki et al., 2008, Lüdtke et al., 2009). Mukherjee et al., 

(2021) reported that TBX3 knockout human iPSCs have impaired ability to 

differentiate to hepatocyte-like cells. The expression of early hepatic TFs in 

hepatoblasts is not affected but hepatocyte-like cells show decrease in the levels 

of liver specific genes, suggesting correct specification of hepatoblasts but 

impaired maturation (Mukherjee et al., 2021). In our experiments, no early 

hepatic transcription factors were affected by the TBX3/TBX20 knockdown but, 

already at the stage of hepatoblasts, there was a significant decrease in liver 

specific genes, suggesting that the process of hepatoblast specification is 

affected in TBX3/TBX20 knockdown cells. Contrary to the mice studies, we have 

not observed an increase in cholangiocyte specific genes upon TBX3 knockdown. 

This could be caused by an incomplete knockdown of TBX3 in our inducible 

system. Our knockdown efficiency varied between 59% and 87% depending on 

the day of specification. It is possible that there was still enough of the TBX3 

protein produced to supress the expression of cholangiocyte lineage genes. 

Another explanation could be the differences between species. We notice that 

Suzuki et al., (2008) report the expression of Tbx2, Tbx3 and Tbx20 mRNA in the 

foetal liver tissue but only Tbx3 mRNA was detected in the population of cells 

identified as hepatoblasts. In our model, TBX2 mRNA is expressed during the 

specification of hepatoblasts. Human TBX2 and TBX3 share a 60% sequence 
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homology, and both were reported to be transcriptional repressors (Carreira et 

al., 1998, He et al., 1999). In other developmental context, they have been 

shown to function in a redundant manner. During mice lung development, Tbx2 

deficient lung manifests defects in proliferation and morphogenesis only once 

Tbx3 expression is naturally downregulated (Lüdtke et al., 2013). Studies on 

murine lungs lacking both Tbx2 and Tbx3 genes showed that those genes are 

functionally redundant during branching morphogenesis of the lung (Ludtke et 

al., 2016). Their redundant function has also been shown in mice mammary 

(Jerome-Majewska et al., 2005), heart (Singh et al., 2012) inner ear (Kaiser et al., 

2021) and limb development (Lopatka and Moon, 2022). Therefore, considering 

that we detected both TBX3 and TBX2 mRNA expression in our model of liver 

development, it is possible that the loss of TBX3 is compensated by the presence 

of TBX2. This could explain why there is no upregulation of cholangiocyte 

specific genes as reported in mice studies, and it could also be the reason why 

the TBX3 knockdown has a relatively little effect on the overall specification of 

the hepatoblasts in our study. Similarly, Mukherjee et al., (2021) observed a 

disruption of hepatic gene expression and increase in pancreatic markers 

expression in TBX3 knockout human iPSCs differentiated to hepatocyte-like 

cells. The authors suggest that TBX3 has a role as a suppressor of genetic drivers 

of other lineages. In our experiments, although there was a trend of increased 

PDX1 expression, it has not reached statistical significance, and other markers 

of pancreatic specification remained unaffected. In this case, the weaker effect 

of TBX3 knockdown as opposed to a complete elimination via a knockout could 

be the reason for the data discrepancy. Alternatively, extending the 

differentiation time of PPC could possibly result in similar effect as the one 

reported in the study. 

The molecular mechanism by which TBX3 affects gene expression patterns in 

development is not very well understood. In liver development, control of cell 

cycle inhibitors or suppression of genes involved in hepatoblast delamination or 

EMT has been suggested (Suzuki et al., 2008, Lüdtke et al., 2009, Lüdtke et al., 

2013). In other developmental areas, direct binding and suppression of cell cycle 
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inhibitors and Wnt signalling inhibitors has been shown (Lüdtke et al., 2013, 

Aydoğdu et al., 2018). In our study, we noted dysregulation in the expression of 

EMT regulator, SLUG, indicating that the disruption of this process may be a 

consequence of TBX3/TBX20 knockdown. We have not had a chance to verify 

changes in the expression levels of Wnt signalling pathway mediators.  

In summary, this chapter described the creation of several inducible knockdown 

cell lines for the investigation of the role our candidate TFs have in the 

development of the liver. The adjusted Bertero protocol resulted in an efficient 

and rapid creation of the cell lines with the use of CRISPR/Cas9 system. The 

genotyping process allowed identification of correctly engineered clones and we 

were able to identify ones with suitable knockdown efficiency during LPCs 

specification. However, COVID pandemic had severely affected the time 

available for experiments and we were unable to use our model for more robust 

experiments. Our initial TBX3/TBX20 knockdown studies showed promising 

effects, although it also revealed issues with TBX2 knockdown efficiency, which 

we were unable to address due to time limitation. We were also unable to 

conduct any studies on the MsiKD_MAF and MsiKD_HEY cell lines.
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Chapter 6. General discussion 

The COVID-19 pandemic had significantly affected the planned work for this 

thesis. The substantial changes to working practices and restrictions on access 

to facilities has reduced the effective time in the laboratory to conduct several 

of the intended experiments. Additionally, one of the requirements for paid 

time extensions to the PhD time was to reduce the originally planned workload. 

Therefore, after obtaining our RNA sequencing results and constructing the 

necessary plasmids for candidate gene knockdowns, we were limited in the 

number of experiments we could undertake using our inducible knockdown cell 

lines. We were also unable to create knockoutand overexpression models for 

the TF selected for further characterization by our pre-screen with the use of 

knockdown cell lines. 

6.1.1. Limitations of 2D hiPSCs culture for modelling of human development 

The aim of this project was to apply hiPSCs as a model of early human 

development and explore the role of BMP4 signalling in the specification of liver 

progenitor cells (LPCs). The study of human development is limited due to the 

ethical issue surrounding work on human embryos. Currently, the 14 day limit 

for maintaining human embryos in culture excludes any study of development 

form gastrulation onwards (Carlson, 2019). In the past, modelling of human 

development or disease was mainly based on the use of animal studies. These 

models allow in vivo studies of development, however the inter-species 

differences limit their application to understanding human specific processes 

(Lal et al., 2016). The use of primary cells donated for research also presents 

many drawbacks due to the scarcity of material and difficulty of in vitro 

maintenance. Additionally, cells donated form fully developed organs cannot 

serve as models of development. Likewise, tissue from aborted foetuses is 

scarce and comes with ethical limitations. Therefore, hiPSCs are an attractive 

source of cells for the study of early human development. Protocols for 

differentiation of these cells into almost any cell type of the body have been 

intensively researched ever since their derivation around 20 years ago. Most of 

the knowledge of the signals and cues for cell differentiation was based on the 
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knowledge from animal studies and in vitro experimentation. The protocols can 

now render almost pure populations of specific cell types and the differentiation 

process allows systematic investigation of molecular changes happening during 

cell fate transitions (Baxter et al., 2015, Zhao et al., 2022). Especially when the 

differentiation is undertaken in 2D format, it allows for uniform and 

synchronized delivery of differentiation signals and a simplified model for the 

study of molecular changes in a particular cell type as attempted in this project. 

However, there are also many drawbacks to this approach to the study of the 

development. The 2D monolayer format of such experiment does not reflect the 

3D environment of human embryo. In vivo, the cells of anterior foregut 

endoderm are surrounded by many other cell types with a myriad of secreted 

signalling molecules, cell-cell contact and ECM-cell interactions directing their 

behaviour. In our model, we use two signals to direct the specification of FE into 

LPCs and although to the best current knowledge this activates correct hepatic 

genes and allows further differentiation towards hepatocytes, it has been 

established by now that hiPSCs-derived hepatocytes are reflective more of the 

foetal stage rather than mature adult hepatocytes. The difference in gene 

expression profile between primary, foetal and hiPSC-derived hepatocytes types 

is quite pronounced (Godoy et al., 2018). Could this be caused by inadequate 

specification of LPCs? Considering the complexity of the in vivo environment, 

how likely is it that only two signals activate all the right genes necessary for the 

specification of the biopotential cells and further hepatocyte differentiation? 

Are we missing any other, more subtle cues that come from direct interaction 

with neighbouring cells or the ECM? Wnt signalling pathway has been shown to 

play a role in the LPC specification (McLin et al., 2007). Neither our protocol nor 

many other available ones modulate this pathway during the specification of 

LPCs and still achieve gene expression characteristic of the hepatic stage 

(Graffmann et al., 2022). However, the modulation of WNT signalling pathways 

during hepatic specification did result in improved maturation profile of 

differentiated hepatocytes (Touboul et al., 2016). Therefore, it is possible that 

inadequate LPC specification is one of the reasons for issues with hiPSCs-derived 

hepatocytes. Further investigation of cell fate decision might be more 
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appropriate in the context of a 3D culture with multiple cell types that are 

normally present in vivo development. Studies on creating ex utero mice embryo 

have progressed to the stage where aggregated mouse ESC can be cultured in 

vitro to an approximate equivalent of E8.5 stage of mice development. By this 

stage, the synthetic embryos accomplish gastrulation and proceed to forming a 

beating heart, gut tube, develop a brain and many other organs progenitors 

(Tarazi et al., 2022). E8.5 is the time where the specification of LPC begins, 

therefore it is feasible that in near future the research will progress further and 

allow the study of liver formation within the complex, multicellular 

environment. Although species specificity will continue to be an issue with this 

model, if ethical boundaries on the use of human embryo ever change, the 

knowledge, methods and devices gained on the mouse studies will lay the 

groundwork for translating such methods to human embryo research. 3D 

culture does have some drawbacks. They are low throughput, more labour 

intensive and microscopic analysis can be difficult. Therefore, the use of 2D cell 

culture can still be appropriate for simpler investigations of molecular functions 

of single genes. 

6.1.2. Limitations of Matrigel use for hiPSCs culture and differentiation 

Although Matrigel has been used for cell culture applications for almost 40 

years, issues surrounding its use are known since at least 1992 when Vukicevic 

et al., (1992) identified multiple active growth factors within the matrix 

(Vukicevic et al., 1992). Matrigel is a highly complex structure derived from a 

Englebreth-Holm Swarm mouse tumour. It is rich in ECM proteins such as 

laminins, collagens, enactin and heparan sulphate proteoglycans and growth 

factors such as FGFs and TGFs. 14 000 different peptides and 2000 proteins have 

been identified in this substrate. In hPSCs culture, Matrigel replaced the use of 

feeder layer made of mouse embryonic fibroblasts, which significantly simplified 

the culture and maintenance of this cell type. However, the complexity of the 

matrix and the batch to batch variability, not only in protein composition but 

also in matrix stiffness, calls into question the suitability of this matrix for use in 

hPSCs culture (Aisenbrey and Murphy, 2020). In the light of the issues with the 
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substrate used for this project, the results from our RNA sequencing relating to 

changes in cell adhesion and ECM-receptor interacting genes have to be 

interpreted with caution. Although, considering the migration of LPC cells from 

the liver bud it is reasonable to expect changes in the cell adhesion and 

locomotion genes as detected in our results, would the same genes be activated 

if the cells were on a matrix more reflective of the natural ECM in the developing 

embryo? Currently, many alternatives to Matrigel are available. Natural proteins 

and peptides such as vitronectin or laminin E8 fragments have been shown to 

support hPSCs maintenance and expansion (Braam et al., 2008, Miyazaki et al., 

2012). Additionally, intense research on synthetic substrates has also identified 

many good alternatives to Matrigel. Hydrophilic, bioinert polymers such as PEG 

(poly(ethylene glycol)) can be modified with various functional groups to adjust 

the properties of resulting substrate. Stiffness, biochemical properties and ECM 

characteristics can be adjusted with synthetic scaffolds (Aisenbrey and Murphy, 

2020). Synthetic substrates modified with natural peptides have been 

successfully applied to hPSC culture and expansion, as well as for differentiation 

toward hepatocytes where they showed to improve hepatocyte maturity 

(Yamazoe et al., 2013, Lambshead et al., 2018). 

6.1.3. Feasibility of an inducible system in hiPSCs differentiation for functional 

screen of candidate genes 

Our problems with transfecting foregut monolayer prompted the decision to 

genetically modify R-PAT cells at the pluripotent stage. The tetracycline-

controlled inducible knock down system allows temporal control of shRNA 

expression therefore avoiding gene levels reduction at an inappropriate stage in 

cases where a gene has a dual role in the development, like, for example, SOX2 

(Zhang, 2014). Knockdown is easily activated by the addition of tetracycline at 

any point of differentiation without the need for transfection (Bertero et al., 

2018). This method also optimized creation of knockdown plasmid against 

multiple genes, useful for the study of redundant gene function. Although the 

protocol we used was well optimized and allowed for rapid and highly efficient 

plasmid construction, the whole process of creating MsiKD cell line was quite 
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labour intensive, especially when handling more than two modified cell lines at 

a time. Issues with high rate of plasmid backbone insertion and silencing of the 

transgene resulted in very few clones that were appropriate for further study. 

Therefore, this approach may not be the most suitable for screening of a high 

number of candidate genes.  

In hindsight, the optimization of FG layer dissociation and passaging could have 

been given more effort. Derivation of human foregut stem cells (FSC) that have 

the ability to self-renew and differentiate to hepatic and pancreatic lineages has 

been described (Hannan et al., 2013a). FSC can be dissociated and seeded at 30-

40 x 103 per cm2 creating conditions more conductive to efficient transfection: 

actively dividing cells and confluency at between 70-80%. Optimized 

transfection of the FSC would allow for knockdown studies using siRNAs. This 

approach would come with some advantages. It is easier to achieve high 

knockdown efficiency with pools of 3-4 siRNAs directed against the gene of 

interest and exchange of ineffective shRNAs is much simpler. Without the need 

of creating a cell line for each candidate gene or gene families, there would be 

more time to perform knock down studies on a higher number of genes of 

interest and better analysis of knockdown effects. Furthermore, knockout and 

overexpression studies on the most interesting candidate gene selected after 

the RNAi screen, would also be possible with a ready FSC transfection method.  

6.1.4. Summary of the main findings  

• Transfecting foregut endoderm cells with lipid reagents is inefficient and 

can be replaced with electroporation provided robust protocol for FG 

dissociation and re-seeding is established. 

• Puromycin toxicity testing on cells that have not been electroporated 

can result in inaccurate assessment of the puromycin concentration 

needed to eliminate cells without puromycin resistance gene.  

• During differentiation of human iPSCs towards LPCs blocking of the 

BMP4 pathway at the transition between FE and APC completely 

prevents hepatic gene expression, in line with effects observed in mice 

studies.  
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• BMP4 induces changes in the gene expression pattern during LPC 

specification from foregut endoderm.  

• Gene associated with cell adhesion become downregulated upon BMP4 

signalling, and genes associated with hepatocyte function become 

upregulated early in the LPC specification process. 

• Several TFs previously not reported to have a role in hepatic 

development become upregulated by BMP4 signalling during LPC 

specification. Additionally, some of those TFs have associated lncRNAs 

also upregulated during the process. 

• Knockdown of TBX3 and TBX20 disrupts LPC specification as shown by a 

decrease in hepatocyte specific genes and changes in the expression of 

EMT regulators. 

6.1.5. Future work 

The COVID-19 related adjustment to project plan allowed for only preliminary 

studies of molecular functions of our candidate transcription factors. 

In first instance, I would like to address any deficiencies in the knockdown 

studies of the candidate TFs: 

• Karyotyping, pluripotency check and sequencing confirmation of the 

MsiKD clones that were used in preliminary screens or would be used in 

further experiments; 

• Increase the number of biological repeats and assess a wider selection 

of hepatic and biliary markers by qPCR  

• Validation of the knockdowns at the protein level 

• Thorough examination of the expression levels and pattern of all 

candidate TFs and other members of the gene families in our model at 

transcript level and, where possible, at protein level 

Next, the repat of ChIP sequencing experiment, following a check and 

optimization of the antibody would complement and strengthen the RNA 

sequencing results and any conclusions we can draw on the regulation of LPC 

specification by BMP4 signalling.  
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Provided the preliminary results of TBX3 and TBX20 knockdown are confirmed, 

identification of an efficient shRNA against TBX2 and creation of triple 

knockdown cell lines would also be undertaken. Additionally, differentiation of 

the MsiKD_TBX cell line to hepatocyte stage would allow the assessment of the 

consequences of TBX genes knockdown on hepatocyte maturation and 

functions (albumin secretion, urea production, cytochrome P450 activity or lipid 

handling tests). Following that, single and double knockout cell lines would be 

created to assess the redundancy of the two factors. Cell lines with inducible 

transgenes containing TBX2 or TBX3 mRNA would also be created to examine 

phenotype changes resulting from overexpression of these proteins. Finally, 

double knockout mouse studies could be done to assess TBX family genes in vivo 

functio
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