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Abstract  

The rat pancreatic AR42J-B13 (B-13) cell line differentiates into non-replicative hepatocyte-

like (B-13/H) cells in response to glucocorticoid. As this response is dependent on the induction 

of serine/threonine protein kinase 1 (SGK1), this suggests a general essential role for SGK1 in 

hepatocyte maturation. To test this hypothesis, B-13 cells infected with AdV-SGK1F in the 

absence of glucocorticoid resulted in the expression of Flag-tagged SGK1F protein; increases 

in β-catenin phosphorylation; decreases in Tcf/Lef transcriptional activity; expression of 

hepatocyte marker genes and the conversion of B-13 cells to a cell phenotype near-similar to 

B-13/H cells. Given this demonstration of functionality, the effects of expressing adenoviral-

encoded flag-tagged human SGK1F (AdV-SGK1F) in induced pluripotent human stem cells 

(iPSCs) was investigated. iPSCs directed to differentiate to hepatocyte-like cells using the 

standard protocol for chemical inhibitors and mixtures of growth factors, were infected with 

AdV-SGK1F at different stages of their differentiation to hepatocytes, either at an early point 

during differentiation to endoderm; during endoderm differentiation to anterior definitive 

endoderm and hepatoblasts and once converted to hepatocyte-like cells.  SGK1F expression did 

not affect differentiation to endoderm, most possibly due to low levels of expression. However, 

expression of SGK1F in both iPSCs-derived endoderm and hepatocyte-like cells both resulted 

in the promotion of cells to an hepatoblast phenotype. These data demonstrate that the effect of 

expressing SGK1F in human iPSC-derived cells contrasts with its effects when expressed in B-

13 cells. Given that SGK1 expression promotes an hepatoblast phenotype rather than 

maturation of human iPSC towards a mature hepatocyte phenotype, these data suggest a 

temporary role for Sgk1 in promoting a hepatoblast state in B-13 trans-differentiation to B-

13/H cells.
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 Introduction 

1.1 Stem cells 

  A stem cell is a cell characterised by its ability for self-replication via cell division 

throughout the life of the organism. Stem cells can differentiate into diverse types of cells in 

the body of the organism. They are unspecialised cells which can be physiologically or 

experimentally induced to give rise to specialised cells. Embryonic stem cells (ESCs) and adult 

stem cells are the main types of stem cells in mammals. ESCs are isolated from the inner cell 

mass (ICM) of blastocysts and can differentiate all the specialised cells from the three germ 

layers (ectoderm, endoderm and mesoderm) 1,2. Adult stem cells are located in different tissues 

such as blood, skin or intestinal tissues. In adult organisms, stem cells work as a repair system 

replenishing damaged adult tissues. 

According to their differentiation potentiality into different sorts of cells, stem cells are 

categorised into totipotent, pluripotent, multipotent and unipotent stem cells. Totipotent stem 

cells are the stem cells that have the ability to differentiate into extraembryonic and embryonic 

cell types. Such cells can build a complete, viable organism. They are formed within the first 

few divisions of the egg being fertilised 3. Pluripotent stem cells are totipotent derived cells 

which can differentiate between every cell in an organism except for extraembryonic tissue 4. 

Multipotent stem cells are adult stem cells and only give rise to specific lineages of cells. 

Unipotent stem cells can differentiate into their cell type only; however, unipotent cells are able 

to self-renew, which distinguishes them from non-stem cells (e.g. progenitor cells, which 

cannot self-renew) 5 (Figure 1.1). Adult stem cells are frequently used for therapeutic purposes 

(e.g., bone marrow transplantation) 6. Stem cells can now be expanded in vitro and directed to 

differentiate into specific cell types with features which are consistent with the cells of different 

tissues, for instance, muscles or nerves. ESC lines and induced pluripotent stem cells (iPSCs) 

are promising candidates for regenerative medicine, disease modelling and drug discovery. 7 8 
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Figure 1.1 Stem cells potency.  Totipotent cells or morula which are embryonic cells within 
the first couple of cell divisions after fertilisation, are the only cells that are totipotent and able 
to form all the cell types in a body in addition to the extraembryonic (placental) cells. ESCs are 
considered pluripotent and initiate within a blastocyst as ICM. These stem cells can differentiate 
all of the cell types that make up the body excluding the placenta. Unipotent cells can generate 
only their own type though they have the ability to self-renew. Figure adapted from 
https://vignette.wikia.nocookie.net/mmg-233-2014-genetics-genomics/images/f/f6/3D-Medical-Illustration-
Pluripotent-Stem-Cells.jpg/revision/latest?cb=201410130628329. 

1.1.1 Embryonic Stem Cells 
ESCs are pluripotent stem cells originating from the ICM of mammalian blastocysts. These 

cells exhibit a remarkable ability to proliferate indefinitely and maintain their pluripotent 

potential to differentiate into all cell lineages in the body 1,2. The discovery of mouse ESCs by 

Evans et al. (1981) and Martin et al. (1981) and the isolation of human embryonic stem cells 

(hESCs) in 1998 by Thomson et al., helped to realise the genuine potential of stem cells. 

Efficient differentiation of ESCs to any cells types suggests the ability to create new models of 

mammalian development and to establish additional supplies of cells for regenerative medicine. 

Embryological studies have offered valuable understandings into essential pathways controlling 

the differentiation of ESCs, which have resulted in improvements in gastrulation modelling in 

vitro and consequently, the effective induction of all germ layers; specifically, endoderm, 

mesoderm and ectoderm, in addition to arrays of their derivatives cells. Consequently, for 

culturing of particular types of specialised cells for example; blood, muscle, nerve or heart, the 

https://vignette.wikia.nocookie.net/mmg-233-2014-genetics-genomics/images/f/f6/3D-Medical-Illustration-Pluripotent-Stem-Cells.jpg/revision/latest?cb=20141013062832
https://vignette.wikia.nocookie.net/mmg-233-2014-genetics-genomics/images/f/f6/3D-Medical-Illustration-Pluripotent-Stem-Cells.jpg/revision/latest?cb=20141013062832
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researchers directed their efforts at controlling the differentiation of embryonic stem cells by 

amending the chemical composition of the culture medium, altering the surface of the culture 

dish or modifying the cultured cells by expressing certain genes. During years of investigations, 

these attempts have led to efficient protocols for the differentiation of a range of cell types from 

stem cells 10. 

Gastrulation is a critical process in embryogenesis in which all germ layers: ectoderm, 

mesoderm and endoderm are generated (Figure 1.2A). In the mouse, it begins with primitive 

streak (PS) structure formation in the region of the epiblast. During this process, uncommitted 

epiblast cells mobilise via the PS and leave either as the definitive endoderm (DE) or mesoderm 
11(Figure 1.2B). Lineage mapping and molecular analyses have described the zones of PS as 

posterior, mid and anterior, that vary in developmental potential and gene expression patterns. 

Numerous genes involving Mixl1 12 and Brachyury (T) 13 are found all through the PS, while 

other genes are expressed favourably in the anterior zone, such as forkhead box protein (Foxa2) 
14 or posterior zone (HoxB1, Evx1) 15,16. 

Mapping has demonstrated that the distinct subpopulations of mesoderm and endoderm are 

specified by both temporal and spatial control. The extraembryonic mesoderm is derived from 

the first mobilised epiblast cells that cross the posterior PS 17. When gastrulation continues, 

cells move through more parts of the anterior regions of the PS and produce cardiac and cranial 

mesoderm, then axial paraxial mesoderm. Epiblast cells passing most parts of the anterior zone 

of the PS give rise to DE. Unlike DE and mesoderm, ectoderm descends from the anterior region 

of the epiblast that does not cross the PS. The spatial and temporal separation of cell outcomes 

detected via gastrulation proposes that the various parts of the PS or the cell populations near 

the PS, comprise different signalling environments which control the initiation of certain 

lineages.  

The results of gene-targeting studies have revealed that members of the WNT family 18, as well 

as members of the transforming growth factor-β (TGFb) family compromising Bone 

morphogenic protein (BMP4)19 and Nodal  are vital for the germ layer development 20 21. 

Furthermore, the altered expression levels of the agonists of these pathways, in addition to the 

region-specific expression of inhibitors, combine to form signalling domains that regulate germ 

layer induction and specification 22. Therefore, germ layer formation is a dynamic process that 

is controlled, partly, by the organised activation and local inhibition of the signalling pathways: 

WNT, Nodal and BMP. 
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The differentiation of ESCs in vitro offers a powerful tool for developmental studies, drug 

screening and regenerative medicine. However, the ethical limitations regarding human embryo 

donation and destruction; immune system incompatibility and likelihood of cancer developing 

due to the challenges in determining the correct cues to direct differentiation in the specific 

desired cell types in vitro and in vivo and preventing teratoma formation 23 has resulted in the 

avoidance of ESC-based therapies. 

 

Figure 1.2 Germ layer formation during mouse gastrulation.    A: three primary germ layers 

generated during gastrulation: ectoderm, mesoderm and endoderm. B: gastrulation in the mouse 

embryo. The blue indicates the posterior region of the primitive streak that expresses the marker 

Brachyury, whilst the red demonstrates the anterior region of the primitive streak which 

expresses both Foxa2 and Brachyury. The thick black arrows at the top of the embryo indicate 

the entry of epiblast cells into the primitive streak. The orange/yellow region shows the new 

formation of the mesoderm and the thin black arrows present the movement of these cells away 
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from the primitive streak. The red arrow at the bottom depicts the movement of the earliest DE 

cells 10.  

1.1.2 Adult stem cells 
Adult stem cells are undifferentiated cells which exist in the postnatal organism; they are either 

multipotent or unipotent 24. They can make duplicate copies of themselves for extended periods 

and differentiate into some specialised cell types to preserve and repair the tissue in which they 

are found. Tissue homeostasis due to normal cell turnover and replacing cells that die because 

of injury or disease, are the primary functions of adult stem cells 25. Adult stem cells are 

hypothesised to exist in a stem cell niche which contains a specific micro-environment for the 

stem cells 26. Depending on their local environment, their development is restricted to the tissues 

or organs in which they reside, for example, in bone marrow; hematopoietic stem cells 

(HMSCs) differentiate into blood cells only 27.  

Adult stem cells have been identified in several tissues, such as brain, bone marrow, peripheral 

blood, dental pulp, spinal cord, blood vessels, skeletal muscle, epithelia of the skin and digestive 

system, cornea, retina, liver and pancreas 28,29,30,31,32. Adult stem cells show some advantages 

that overcome the drawbacks of working with ESCs. They are derived from adult tissue and 

therefore escape the ethical issues associated with ESCs. Additionally, they can also be patient-

specific and thus avoid immuno-rejection concerns, and in contrast to ESCs, adult stem cells 

do not form tumours when transplanted in vivo. However, the limited capacity of adult stem 

cells to divide in vitro, their scarcity in each tissue makes their use challenging. An additional 

disadvantage of adult stem cells is that they can only be induced to differentiate into only a few 

specialized cell types 

In several laboratories, researchers are attempting to discover reliable methods for adult stem 

cell expansion to large numbers followed by differentiation into specific cell types. Examples 

of potential treatments include bone regeneration using bone marrow stroma derived cells 

which has been reported to give rise to a variety of cell types: bone cells (osteoblasts and 

osteocytes), cartilage cells (chondrocytes), fat cells (adipocytes), and stromal cells that support 

blood formation. Generation of insulin-producing cells for type 1 diabetes; differentiation to 

insulin-producing cells can be achieved from adult stem cells, such as pancreatic stem cells can 

differentiate and be re-programmed to ensure the manifestation of a phenotype producing 

insulin. However, advanced strategies are needed to isolate and grow adult pancreatic stem 

cells, and to differentiate them into β cells. hepatic stem cells recent study demonstrated that 

small molecules could be used to differentiate rat hepatic stem-like cells into insulin-producing 
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cells that expressed distinct pancreatic-cell marker genes 33. and using cardiac muscle cells to 

restore damaged heart muscle after a heart attack as the evidence suggests that the heart contains 

a small population of endogenous stem cells that most likely facilitate the minor repair and 

turnover-mediated cell replacement.  The cells can be harvested in limited quantity from human 

endomyocardial biopsy specimens and can be injected into the site of infarction to promote 

cardiomyocyte formation and improvements in systolic function. 34,35.  In vivo, tissues can 

regenerate new cell populations upon damage or during normal tissue turnover by means of 

several mechanisms. A: transient de-differentiation of resident mature cells into precursor cells 

followed by re-differentiation to generate new cells 26. This mechanism has been reported to 

occur in pancreatitis 36, B: resident adult stem/progenitor cells can be signalled to expand and 

differentiate upon damage and injury to the tissue. This method of tissue regeneration is 

established in high turnover tissues such as the blood system and intestine.  

In recent years many studies have shown that adult stem cells can differentiate into cell types 

from different germ layers. For instance, mesoderm-derived stem cells in bone marrow can 

differentiate into endoderm-derived cells for instance liver or ectoderm-derived cells such as 

skin cells 37. In the scientific literature, as of yet, there is no correct name for this phenomenon; 

however, it is described as stem cell plasticity or transdifferentiation. In vivo, it can be induced 

by transplanting stem cells into an organ of the body which differs from the tissue they were 

originally isolated from or by amending the growth medium when they are cultured in vitro. 

The characteristics of stem cells that can regenerate the liver of adult mammals are uncertain. 

Typically, oval cells, initially derived from endoderm differentiate to either hepatocyte or the 

epithelium of the bile ducts. The well-known regenerative capacity of the liver is however, 

carried out by the hepatocyte mitoses themselves 38,39,40,41. Recent studies in rodents illustrate 

that mesoderm-derived HMSCs may be able to move to the damaged liver and showed plasticity 

in converting into hepatocytes 42. Adult stem cells identified in many tissues and organs show 

several advantages over working with ESCs, however, their limited capacity for renewal and 

the limited number of stem cells in each tissue make the generation of large quantities of stem 

cells difficult. 

1.1.3 Induced Pluripotent Stem Cells (iPSCs) 
Mouse ESCs were first generated in 1981 1 with culture conditions that allow the longstanding 

maintenance of pluripotency subsequently established 43. Advances in nuclear reprogramming 

resulted in the induction of differentiated somatic cells into the pluripotent state, the technique 

that subsequently produced the cloning of Dolly the sheep in 1997 44. The successful somatic 
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cloning demonstrated that differentiated cells have all the necessary genetic information 

required for the development of whole organisms and also confirmed that oocytes contain 

factors capable of somatic cell nuclei reprogramming. In 2001, Takashi Tada’s group 

demonstrated that ESCs also have factors that can reprogramme somatic cells 45. All these 

discoveries have produced the iPSCs technology established by Shinya Yamanaka and the 

reprogramming of mouse fibroblast in 2006 46. A year later, human somatic cells were 

reprogrammed into human iPSCs by the exogenous expression of 4 transcription factors; 

octamer-binding transcription factor 4 (Oct4), sex-determining region Y box-2 (Sox2), 

Krüppel-like transcription factor 4 (Klf4) and myelocytomatosis viral oncogene (c-Myc)47,48. 

As for ESCs, iPSCs are self-renewable and can differentiate into all cell types of the body, 

showing great hopes in the field of regenerative medicine (Figure 1.3). 

These days, the most common source for iPSCs are fibroblasts which are easily obtainable with 

a skin biopsy 49. Reprogrammed fibroblasts (iPSCs) have been converted to various somatic 

cells, for example, neural cells 50, hepatocytes 51,52, cardiac myocytes 53 and hematopoietic 

progenitor cells 54. However, iPSCs can be reprogrammed from a wide range of cells, such as 

circulating T cells, which are derived from the mesoderm; hepatocytes which have an endoderm 

origin and keratinocytes which are derived from the ectoderm. Each of these cells type have 

been successfully reprogrammed into iPSCs with 0.1% efficiency for circulating T cells and 

hepatocytes  55.  

Integrating vectors such as retroviruses and lentivirus have been used initially for 

reprogramming factor overexpression 46,47,56. Tumorigenicity is significant risk arising from the 

use of oncogenes (c-Myc and Klf4)57,58 in addition to the possible presence of undifferentiated 

cells 59. Moreover, the integrating vectors (retroviruses and lentivirus) might also cause 

insertional mutagenesis 60,61. The advances in iPSCs technology have led to the generation of 

iPSC in the absence of these factors either without c-Myc or both c-Myc and Klf4 62 decreasing 

liability to tumour formation in its chimaeras. Similarly, there is substantial progress regarding 

exogenous material exclusion by means of different methods. These methods include the 

plasmid 63, adenovirus 64 and Sendai virus 65 which are now routinely used in many laboratories. 

Moreover, it has recently been revealed that it is possible to reprogramme cells using messenger 

ribonucleic acid (mRNA) 66, besides microRNA (miRNA) 67 at higher efficiencies.  

Currently, the study of several human diseases is performed through the use of animal models 

and cell lines that approximate to specific cell types. However, robust  disease models are 

difficult to achieve because animal models inescapably involve inter-species variabilities and 
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primary human cells are difficult to retain in culture for an extended period 68. An advantage of 

human iPSCs is that they can provide more accurate human disease models. 

As mentioned, iPSCs were differentiated to various somatic cells in addition to patient-specific 

iPSC lines. Consequently, disease modelling has been reported, such as motor neurons from an 

82-year-old amyotrophic lateral sclerosis (ALS) patient 69, motor neurons from spinal muscular 

atrophy 70,71 and familial dysautonomia 72. 

Applying iPSC technology to drug screening is something that is widely used. iPSC-derived 

models of disease deliver both a practical and functional assessment of how an individual will 

respond to a specific therapeutic agent 73. The utilisation of iPSC-derived disease modelling 

tools in high-throughput screening assays could permit better prognosis of drug-induced 

toxicity, for instance, hepatotoxicity and cardiotoxicity 72  

 

Figure 1.3 A schematic diagram shows the potential applications of induced pluripotent 
stem cell (iPSC).  Fibroblasts or other cell types can be reprogrammed into iPSC. Afterwards, 
this iPSC can be used for generation of specialised cells which can be used for cell replacement 
therapies; otherwise, iPSC can be used for common disease modelling, drug and toxicology 
screening or basic biology studies 74. 

 

1.2 The adult Liver: Anatomy and physiology 

The liver is considered the largest internal organ in the body, weighing nearly 1,500 g. It is 

situated below the diaphragm in the right upper abdominal cavity and is protected by the rib 

cage. The liver is reddish-brown and is enclosed by a delicate connective tissue capsule 
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recognised as Glisson’s capsule. It is divided into the right and left lobes by the falciform tendon 

that runs beside the umbilical fissure and attaches the liver to the anterior wall of the abdominal 

wall. The right lobe can be subdivided into anterior and posterior parts, whereas the left lobe is 

divided into a medial segment (quadrate lobe) and a lateral segment (caudate lobe) by the 

falciform ligament. Additionally, 60–70% of the liver mass is taken up by the right lobe, while 

the left lobe and caudate lobe make up the rest (Figure 1.4). The location of the liver interfacing 

with the digestive system facilitates its vital function in the processing of absorbed nutrients via 

the metabolism of proteins, carbohydrates and lipids. The liver is supplied by blood via a dual 

supply comprising the hepatic artery and the portal vein. The hepatic artery branches from the 

celiac artery (trunk) which also gives rise to the left gastric, splenic and common hepatic 

arteries. The hepatic artery delivers approximately 25% of the blood supply, while the portal 

vein delivers the rest of the blood supply. Portal veins deliver nutrients absorbed by the 

intestinal system to the liver, except the complex lipids which are transported primarily by 

lymphatics.  

 

Figure 1.4 Liver location and anatomy diagram.  A. The liver is the largest internal organ 
weighing approximately 1,500 g in the adult. It lies behind the rib cage in the upper right 
abdomen under the diaphragm and extends from the 5th rib to the bottom of the rib cage. B, 
The liver is multi-lobed in most mammalian species. In humans, the liver is mainly divided by 
falciform ligaments into two lobes, the right and left; the ligaments attach the liver to the 
abdominal wall and diaphragm. Two smaller lobes, the quadrate and caudate lobe are situated 
on the bottom side of the liver. 75
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1.2.1 Liver architecture  
The liver consists of epithelial and mesenchymal elements arranged in microscopic functional 

unit near point(s) of blood entry through the portal tract and blood exit via the central veins. 

These structural and functional units are the lobules (first described by Kiernan) or the acinus 

(first described by Rappaport) 76,77(Figure 1.5). The human liver contains about one million 

lobules. Each lobule is about 1-2.5 mm in size, has a hexagonal shape consisting of hepatocyte 

plates which radiate outward from a central vein (a branch of hepatic vein) in the centre. 

Hepatocytes account for 78% of liver volume and constitute the dominant parenchymal cell 

type of the liver. They are typically arranged in cords that are one or two cells thick separated 

by sinusoids 78(Figure 1.5). The portal triads are regularly distributed at the apices of the lobule 

comprising an artery, a vein and a bile duct bundled all together by connective tissue. The blood 

flows from the hepatic artery, and portal vein into central veins among capillaries called the 

sinusoids (Figure 1.5) They are padded by endothelial cells in addition to Kupffer cells which 

are a specific population of cells belonging to the macrophage phagocytic system. The sinusoid 

endothelial lining is fenestrated to permit secure exchanging between the blood and hepatocytes 

via the space of Disse which is a compartment between the endothelial cells and hepatocytes 

that contains the blood plasma for exchange between blood and hepatocytes (Figure 1.6). In 

addition to the plasma, the space contains connective tissue and hepatic stellate cells (HSCs). 

The function of the HSCs is to control the sinusoidal blood flow and fibrogenesis, besides a 

prominent role for vitamin A storage 79. The canaliculi surround each hepatocyte are generated 

by the tight junctions formed between neighbouring hepatocytes and are responsible for the 

gathering of bile salts and bile acids which are transported across the hepatocyte’s apical surface 

(Figure 1.5). Bile assembled by the canaliculi is transported to the bile ducts in the portal triad 

and consequently carried to the gallbladder for storage. The lining of the bile ducts are cuboidal 

to columnar epithelium cells connected to a basement membrane 80 (Figure 1.5). 
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Figure 1.5 A schematic diagram of the hepatic lobule.  The liver tissue made up of small 
lobules 1-2.5 mm in size. Each lobule consists of the central vein (a branch of the hepatic vein) 
surrounded by six pairs of vessels (branches of the portal the hepatic artery). A small bile duct 
accompanies each pair of blood vessels. The blood enters to the lobule through the portal vein 
and hepatic artery in the portal triad. The blood flows through the capillaries 
called the sinusoids into central veins. The bile is collected from the hepatic cells and carried 
out of the liver through bile ducts 81.
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Figure 1.6The sinusoids.   Electron microscopy image showing fenestrated sinusoids 
endothelial lining cells (grey), the hepatic plate (cyan) and connective tissue (red) 81.

 

1.2.2 Liver zonation 
Jungermann et al. demonstrated that hepatocytes, although being histologically identical, were 

specialised, and perform a different function according to their site along the porto-central axis 

of the liver acinus, which is divided into zones corresponding to remoteness from the arterial 

blood supply 76. The closest hepatocytes to the arterioles in zone 1 have an abundant supply of 

oxygen, whereas those in zone 3 are the farthest from the arterioles and have the most 

impoverished supply of oxygen. Zone 2 is presumed to be an intermediate environment. This 

arrangement also means that cells in zone one are the first cells exposed to blood-borne toxins 

absorbed into the portal blood from the small intestine 82,83. Consequently, different pathologic 

processes lead to lesions that reflect acinar structure; for instance, necrotic hepatocytes at the 

periphery of the acinus. Acinar zones 1, 2 and 3 are parallel to the periportal, mid- and 

pericentral zones of the lobule, respectively. A distinctive gene expression profile exhibited by 

hepatocytes within each zone matches their metabolic compartmentalisation. For example, 

hepatocytes in zone-1 specialise in ammonia detoxification and gluconeogenesis, whereas the 
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zone-3 cells are committed to lipogenesis and glycolysis 84. This zone-related heterogeneity of 

hepatocytes has been hypothesised as a consequence of the differential degree of exposure to 

oxygen, nutrition and gut-derived toxins 85. For example, zone 3 hepatocytes mainly express 

cytochrome P450s, which allow xenobiotic metabolism (Figure 1.7). Xenobiotics require 

metabolism by Cytochrome P450 (CYP) which cause injury for most of the centrilobular area 

(zone three).  

Even though, hepatocytes in the periportal (zone 1) are exposed first to xenobiotics absorbed 

by the gut, the ingestion of protoxins represents the majority of exposure to toxins and protoxins 

require enzyme-mediated conversion into a cytotoxic product. According to this fact, pro-toxin 

damage is found in the regions where the activating enzyme is expressed in addition to the 

lowest levels of oxygen in the centrilobular regions (zone 3), which may have an impact on the 

capability of cells to respond to and resist the injury. Therefore, hepatocytes are the more likely 

cell type damaged by hepatotoxins 86. The evidence indicates that the gradient of WNT 

signalling that increases towards the central vein is thought to play a crucial role in modelling 

zonation. Consequently, WNT up-regulated genes are high in centrilobular regions and low in 

periportal regions (Figure 1.8) 87. More recent studies on mice revealed that liver zonation is 

dependent on a β-catenin mechanism 88. Thus, the upregulation of canonical WNT signalling 

in zone 3 might be critical for homeostatic renewal of hepatocytes in this zone 89. 

 

Figure 1.7 Liver cell plate acinus is divided into three zones.  Zone 1 (periportal zone) 
surrounds the afferent vessels and the portal triad where hepatocytes are first exposed to the 
nutrient and oxygen-rich blood entering from the portal vein and hepatic artery. Zone 2 
(intermediate zone) lies between zone 1 and zone 3. Zone 3 (centrilobular zone) where CYP450 
expression is highest in hepatocytes surrounding the central vein 90. 
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Figure 1.8 Liver zonated functions.  The different  metabolic functions located in  different 
zones of the acinus include ammonia detoxification, glucose and energy metabolism, and 
xenobiotic metabolism. The proteins required for  each type of zonal metabolism are 
demonstrated. The PV  gene upregulated by WNT signalling are indicated in orange, while the 
PP genes down regulated by WNT signalling  are shown in blue. Adapted from Colont 
et.al.(2011) 91. 

1.2.3 Functions of the liver 
The liver is a vital organ of the body, accountable for lots of chemical actions required by the 

body to survive. It is a gland because it produces chemicals which are used by other organs of 

the body. Therefore, the liver is considered both an organ and a gland. The human liver is 

believed to perform approximately 500 separate functions, most of these functions are 

performed in combination with other organs and systems. Most functions of the liver are carried 

out by the hepatocytes. These functions primarily include; metabolism of glucose, lipid, 

bilirubin, urea, detoxification of drugs and xenobiotics, production of serum proteins (such as 

albumin and clotting factors), storage of minerals and vitamins and secretion of bile, besides 

immunologic functions, as the liver contains cells involved in adaptive and innate immunity.  

Gluconeogenesis or the synthesis of glucose from amino acids (alanine from muscle), pyruvate, 

and lactate is primarily carried out by the liver. Similarly, the liver performs glycogenesis which 

is glycogen synthesis from excess glucose for storage of glucose. In addition, glucose can be 
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produced from glycogen by glycogenolysis when the body requires it. Hence, the liver plays a 

crucial role in the maintenance of blood glucose levels which prevent hypoglycaemia 

maintaining glucose supply to the brain and other tissues for energy demands 92 The liver is the 

only organ capable of converting cholesterol to bile acids, which are necessary for the efficient 

absorption and transport of dietary lipid nutrients 93,94. 

A further critical metabolic role of the liver is its active involvement in the detoxification and 

metabolism of xenobiotics and drugs due to the expression of drug metabolising enzymes 

(DMEs) in hepatocytes. These DMEs primarily act to modify lipophilic xenobiotics, absorbed 

from the gut, to create more excretable (through bile or urine) compounds by way of a three 

phase process — phase I xenobiotics modification, phase II xenobiotics conjugation and phase 

III further modification and excretion. In phase I, liver enzymes are accountable for the 

metabolism of xenobiotics by first activating them via oxidation, reduction, hydrolysis or 

hydration reactions. These chemical reactions add or expose functional groups such as -OH, -

SH, -NH2 or –COOH on the substance 95, which facilitate the subsequent conjugation of 

hydrophilic groups by phase II conjugation enzymes. In humans, the majority of the drug 

oxidation in phase I reactions involves flavin-containing monooxygenases and the superfamily 

of CYP monooxygenases. Hepatic microsomal cytochrome P450 is a paradigm of a group of 

enzymes required for xenobiotic metabolism 96. The primary drug metabolising P450 in the 

human liver is CYP3A4; it constitutes up to 60% of P450 enzymes in the liver and metabolises 

up to 75% of drugs metabolism 97. The conjugation reactions in phase II include sulphation, 

methylation and glucuronidation for an additional increase in the solubility of oxidised 

metabolites. In phase III, the xenobiotic conjugates may be further metabolised in addition to 

the induction of the drug transporters in the membranes of hepatocytes, kidney, intestine cells 

and other tissues for excretion out of the body 98  

The liver also plays one more vital function in purifying the body from toxic substances by 

converting ammonia into a water-soluble compound known as urea. Ammonia is a toxic weak 

basic compound derived from the metabolism of amino acids. Severe liver injury results in the 

accumulation of ammonia which is toxic to the brain and other parts of the central nervous 

system (CNS). The ammonia detoxification process takes place primarily in the liver. This 

process is carried out through a cycle of biochemical reactions known as the urea cycle which 

consists of four enzymatic reactions: one in the mitochondria and three in the cytosol 99.  

Liver cells 
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The hepatocyte is polygonal in shape. It measures approximately 25 to 40 µm and comprises 

a large amount of smooth endoplasmic reticulum in the cytoplasm, while most cells in the body 

have only small amounts. The cytoplasm contains abundant glycogen and is eosinophilic 

reflecting numerous mitochondria and a central nucleus (binucleate cells are also typical). The 

nucleus is round or oval, with dispersed chromatin and prominent basophilic nucleoli 

containing abundant rough endoplasmic reticulum 100. All these features allow the hepatocytes 

to perform its crucial metabolic and synthetic functions, for instance protein synthesis and 

storage, synthesis of bile salts, detoxification of cholesterol and phospholipids, elimination of 

exogenous and endogenous substances, as well as induction of bile formation and secretion. 

Typically, hepatocytes are arranged in one or two cells thick cords separated by sinusoids. They 

form a critically important cell layer to separate the sinusoidal blood from canaliculus bile. The 

cell membrane of the hepatocyte faces the sinusoids basolateral and forms the biliary 

canaliculus with the next hepatocyte. Moreover, it has a portion next to the canaliculus that 

attaches laterally to the next hepatocyte. This position of hepatocyte between the blood plasma 

flow in the sinusoid and the bile in the canaliculus contributes to their proper organised polarity 
101 (Figure 1.9). 

 

Figure 1.9Microscopic micrograph of H & E stained hepatocyte cords.  Arrowheads show 
the accumulation of brown coarse granules of iron. Arrows illustrate the bile (greenish-brown) 
within biliary canaliculi that are situated between hepatocytes (H & E stain, magnification 
x500) 100. 

Cholangiocytes or biliary epithelial cells (BECs) are epithelial cells lining the biliary tree 

which is a three-dimensional network of bile ducts. Cholangiocytes participate in the 

modification of the hepatic bile when it is conveyed through the biliary tree. They contribute to 
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bile modification by managed transportation of several ions, solutes and water via the 

cholangiocyte apical and basolateral plasma membranes. Several locally acting hormones 

mediate cholangiocyte fluid and electrolyte secretion 102. Cholangiocytes also have a role in 

inflammatory responses; they interact with other liver cell types through the production of many 

growth factors, peptides and pro-inflammatory and chemotactic cytokines. 103. 

Hepatic stellate cells (HSCs) are also known as vitamin A-storing cells, interstitial cells, fat-

storing cells, lipocytes and Ito cells. HSCs are located in the space of Dissè between the 

hepatocytes and liver sinusoidal endothelial cells. They primarily function to store the majority 

of vitamin A in the body in lipid droplets as retinyl ester in the cytoplasm. Physiologically, 

these cells are quiescent and play important roles in the regulation of retinoid homeostasis. In 

pathological conditions such as in acute liver injury, the population of HSCs expand and 

increase their expression of alpha-smooth muscle actin. In chronic liver injury, HSCs lose 

vitamin A and synthesise an abundant extracellular matrix (ECM) elements like proteoglycan, 

glycosaminoglycan, collagen and adhesive glycoproteins, besides morphological changes from 

the HSCs star-like shape to that of fibroblasts or myofibroblasts shape 104 

Kupffer cells are liver-resident macrophages. They adhere to the sinusoidal side of endothelial 

cells and are found primarily in the periportal region of the liver 105. This localisation allows 

them to act as the first line of protection against immunoreactive material transferred from the 

gut by the portal circulation. They stop the movement of these gut-derived immune-reactive 

substances from travelling beyond the hepatic sinusoid. Likewise, they maintain blood 

homeostasis through the phagocytosis of large particles and dead erythrocytes and 

microorganisms. While in many conditions such as toxin-induced fibrosis 106 and drug-induced 

liver injury 107, the Kupffer cells are protective. Additionally, the direct or indirect activation of 

Kupffer cells by toxic agents leads to the release of a group of inflammation mediators, reactive 

oxygen species and growth factors. This activation appears to account for the modulation of 

acute hepatocyte injury as well as chronic liver reactions such as hepatic cancer 108.  

Liver sinusoidal endothelial cells (LSECs) form the walls of the hepatic sinusoids and 

comprise the highest proportion of non-parenchymal cells in the liver. They exhibit distinctive 

phenotypic and structural characteristics which discriminate them from the capillary 

endothelium found in other organs. LSECs are fenestrated by many pores of 100 to 150 nm 

diameters. This fenestration provides channels between the sinusoidal blood and the 

subendothelial space of Disse 79, as described previously in Section 1.2.1. Under normal 

physiological conditions, the fenestrations mediate the exchange of plasma, nutrients, lipids and 
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lipoproteins between hepatic sinusoids and hepatocytes 109,110. LSECs show a high endocytic 

capacity in comparison to other endothelial cells mediated via distinct endocytosis receptors, 

giving them importance as the most efficient scavengers of blood‐borne waste macromolecules 

and nanoparticles in the body 111. 

 

1.3 Overview of liver development 

1.3.1 Endoderm formation  
In the early stages of development, the epiblast is differentiated from the ICM of the 

preimplantation blastocyst.  The epiblast represents the source of the gastrula, i.e. the three germ 

layers; ectoderm, mesoderm and definitive endoderm (DE) 112. When the pluripotent epiblast 

cells travel through the PS, DE is developed 113,114. Subsequently, the multipotent endoderm 

gives rise to the epithelium of the gastrointestinal and the respiratory systems, as well as the 

glandular and ductal cells of the liver, pancreas, thyroid and thymus. In the earliest stages, 

studies discovered the requirement for high doses of the TGF-β family member Nodal for DE 

induction during gastrulation 113,115,116. Nodal signalling motivates the expression of an array of 

endoderm transcription factors comprising the forkhead domain proteins Foxa1–3 and the 

HMG domain DNA-binding factor (Sox17). These transcription factors consecutively control 

a cascade of genes that direct cells to the endoderm lineage 117.  

1.3.2  Endoderm patterning: making the foregut  
Higher levels of nodal signalling are demanded by anterior endoderm fate than posterior 

endoderm cells. The expression of Foxa2 is also essential to make anterior definitive endoderm 

(ADE)117,118. After gastrulation, naive endoderm cells remain plastic and not yet dedicated to 

specific organ fates. After 48 hours, the endoderm germ layer develops a primitive gut tube. It 

is from this tube that the organ buds arise. During this time, the endoderm along the A-P axis 

gradually subdivides into foregut, midgut and hindgut domains by the action of a sequence of 

overlying growth factor signals from the adjacent mesoderm119. These domains which can give 

rise to several organs are distinguished by the expression of transcription factors, for example 

Hhex in the foregut, pancreatic and duodenal homeobox gene 1(Pdx1) in the midgut and Cdx 

in the posterior endoderm, distinguishing these domains which then give rise to several organs 
120. 
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1.3.3 Foregut development requires repression of WNT/β-catenin and FGF4  
Due to dynamic tissue movements during gastrula and early somite stages, the endoderm 

becomes proximal to various mesodermal tissues which produce the patterning factors. These 

factors comprise FGF, WNT and BMP ligands, and moreover, all of them appear to retain 

hindgut identity and block the foregut fate in the posterior 121,122 Experiments in Xenopus and 

chick propose that FGF4 and WNTs secreted from the posterior mesoderm prevent foregut fate 

and encourage hindgut development 123 (Figure 1.10). Experiments in Xenopus exhibited that 

preventing the activity of the canonical WNT effector β-catenin in posterior endoderm resulted 

in activation of Hhex expression and liver bud formation in the intestine 124. Surprisingly a few 

hours after development, FGF and WNT signalling have contrasting effects and encourage 

hepatic development 125. 

 

 

Figure 1.10 An outline of endoderm patterning by WNT and FGF 
In the first gastrulation and somite phases: different WNT and FGF signalling through the A-P 
axis divides the primitive endoderm into foregut, midgut and hindgut progenitor areas  
expressing the different transcription factors Hhex, Pdx1 and Cdx as indicated. The data from 
the available literature suggest that WNT and FGF ligands are expressed progressively in the 
mesoderm (indicated in red) next to the endoderm (depicted by yellow) to prevent foregut 
formation and stimulate hindgut fate. Canonical WNT/β-catenin activity is expected to be 
repressed by WNT-antagonists expressed in the anterior endoderm 126.

 

1.3.4 Hepatic competence  
In vivo, the foregut endoderm only can develop into the liver 127,128. Initial foregut 

organogenesis is significantly impacted by the expression of transcription factors, such as Hhex, 
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GATA-binding proteins (Gata4–6) and Foxa2 129. This expression could explain the intrinsic 

hepatic competence. The liver-specific serum albumin gene expression has been identified to 

develop via three developmental stages. During the first stage, the nucleosomes appear tightly 

packed and the gene is in closed chromatin and transcriptionally inactive. In the second stage, 

the enhancer element of the gene is bound to Foxa and Gata transcription factors. One 

biochemical studies has shown that this binding is adequate to enhance chromatin accessibility 

by creating a locally open domain of nucleosomes 130, although it is insufficient to trigger the 

transcription of the gene 131. In endoderm cells, this open chromatin domain encourages the 

competence of these hepatic genes to be transcribed. In the third stage, liver genes become 

activated in the hepatic endoderm due to the stimulus of different signals from the mesoderm, 

more transcription-factor-binding sites at the enhancer become occupied (C/EBP, 

CCAAT/enhancer binding protein, nuclear factor 1), as well as at the promoter which activates 

the albumin gene 114.  

1.3.5 Hepatic induction by FGF and BMP  
As mentioned previously, mesodermal signalling is crucial for endoderm patterning into 

discrete tissue areas. The organogenesis of the embryonic gut tube is affected by FGF signalling 

in different ways. Studies on mice propose different thresholds of FGF signalling released from 

the cardiac mesoderm resulting in the production of liver, pancreas and lung lineages from the 

progenitor cells of the ventral foregut. In vitro experiments performed on mice showed that 

applying the recombinant FGF signalling in moderate doses, induced liver-specific gene 

expression 132. In other studies using mice, the cells of the septum transversum mesenchyme, 

which are a distinctive mesoderm cell type, are found close to the ventral endoderm and 

influence the hepatic induction. Using an inhibitor of BMPs and a mouse Bmp4 null mutation, 

it was realised that BMP signalling triggered by the septum transversum mesenchyme is 

essential to exclude pancreatic fate and to stimulate liver genes in the endoderm 133. BMPs 

influence the levels of the GATA4 transcription factor and act similarly to FGF signalling 

produced from the cardiac mesoderm. This information indicates that the specification of the 

endodermal domain for the liver is controlled by coincident signalling from specific 

mesodermal suppliers 133 (Figure 1.11). Signal transduction analysis revealed that FGF signals 

induce hepatic gene expression by means of MAP kinase, whereas the hepatic growth is 

regulated by PI3 kinase 134.  
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Figure 1.11 Hepatic induction.  The figure demonstrates the anterior segment of an e8.25 of 
the mouse embryo in the 2–4 somite phase (lateral view). The grey indicates the growing head. 
The yellow demonstrates the DE which is forming a foregut pocket. The liver (lv) in a part of 
the ventral foregut is triggered by BMP signals produced from the septum transversum 
mesenchyme (orange) and the FGF from cardiogenic mesoderm (red). Hepatic fate is specified, 
while foregut endoderm will express liver genes, such as Albumin after the 5–7 somite stage. 
Different doses of FGF appear to provoke ventral pancreas (pa) and lung (lu) from the 
progenitors of the foregut. In the dorsal endoderm, FGF4 and WNT signals from the axial 
mesoderm block hepatic fate 126.

 

1.3.6 Liver bud morphogenesis and growth  
After FGF and BMP signals have specified the hepatic endoderm from the septum transversum 

and cardiac mesenchyme, the hepatic epithelium begins to express liver-specific genes, for 

instance  α- fetoprotein (Afp), Hnf4α , albumin and  becomes columnar in shape, the contiguous 

basement membrane ruptures and the hepatoblasts (hepatic precursors) proliferate and move to 

the nearby stroma and develop the liver bud. Transcription factors (such as Hhex, 

Hnf6/Onecut1, Onecut2, Prox1 and Gata4/6) are essential to stimulate the morphogenesis of 

the liver bud. Hepatoblast migration, proliferation and survival are regulated by paracrine 

signals from hepatic mesenchyme and endothelial cells including FGF, BMP, WNT, HGF, 

TGF-β and retinoic acid (RA) in addition to the  transcription factor such as by hepatocyte 

nuclear factor 4 (Hnf4α), T-box transcription factor (Tbx3) and Hlx 135.  

1.3.7 Hepatocytes and biliary epithelial cells differentiation  
Hepatoblasts are bi-potential, expressing genes related to both adult hepatocytes which marked 

by albumin and Hnf4α and cholangiocytes which marked by cytokeratin-19, in addition to 

foetal liver genes like Afp. Their differentiation into hepatocytes or cholangiocytes depends on 

their sites. Those cells located adjacent to the portal vein mesenchyme are encouraged to 



Chapter 1. Introduction 

22 
 

differentiate into cholangiocytes by a Notch-mediated process, while the cells located more in-

depth in the parenchyma produce hepatocytes 135. In response to the mesenchyme signals 

(possibly TGFβ and WNTs), hepatoblasts adjacent to the portal mesenchyme down regulate 

pro-hepatic factors HNF4α, Tbx3 and C/EBP and increase expression of BEC transcription 

factors OC1/HNF6, OC2 and HNF1β. Continued signalling from the periportal mesenchyme 

(Notch, EGF and HGF) are essential for ductal plate remodelling. In comparison, hepatoblasts 

in the parenchyma not exposed to periportal mesenchyme signals, activate the expression of 

hepatogenic factors. Subsequently, factors such as oncostatin M (OSM), glucocorticoids, 

hepatocyte growth factor (HGF) and WNT promote hepatocyte maturation 126

 

1.4 Liver disease and regeneration  

1.4.1  Liver disease and cirrhosis 
 Liver disease causes around 2 million mortalities each year worldwide; specifically, 1 million 

caused by viral hepatitis and hepatocellular carcinoma HCC and 1 million owing to 

complications with cirrhosis. At present, cirrhosis is the 11th most frequent reason for fatality 

worldwide, whilst liver cancer is the 16th most common cause of fatality; together, they account 

for 3.5% of all deaths internationally. Worldwide, approximately 2 billion people drink alcohol, 

and more than 75 million suffering from alcohol-use disorders and are endangered by alcohol-

related liver disease. Roughly 2 billion adult people are overweight or obese, and more than 

400 million are diabetics; which places them at risk of non-alcoholic fatty liver disease as well 

as hepatocellular carcinoma. The global predominance of viral hepatitis remains elevated; 

however, drug-induced liver injury keeps increasing as a leading trigger of acute hepatitis. Liver 

transplantation is the second most common solid organ transplantation and just less than 10% 

of global transplantation requests are met at existing rates (Table 1.1) 136.  

Liver cirrhosis is characterised by replacement of liver tissue by dense fibrous scar tissue as 

well as a continued stimulus for regeneration, which results in widespread distortion of standard 

hepatic architecture and a transformation to a nodular architecture 137. Hepatocytes primarily in 

zone 3 are more likely to be exposed to hepatic pro-toxins which results in necrosis. Signals 

from damaged cells generate Kupffer cell activation which in turn release a range of 

chemokines and cytokines that result in activation of both resident and circulating leucocytes 
138,139. In response to the injury, several alterations in the liver architecture along with changes 

in the expression of adhesion proteins in sinusoidal endothelial cells that results in loss of 

fenestrae take place. This injury results in a conversion of hepatic stellate cells into 
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myofibroblasts, which proliferate and secrete extracellular matrix proteins and fibrosis. In the 

acute conditions and under some chronic conditions, fibrosis may be reversible. However, if 

the liver damage continues to re-occur through repeated acute incidents within a particular 

period of time, the resolution, myofibroblast increase in numbers leading to a distorted hepatic 

architecture and vascular structure by the formation of fibrous scar tissue, eventually 

developing into cirrhosis and liver failure 140.  

Unfortunately, the treatment options for most of the hepatic diseases are limited. Up to now, 

the majority of the treatments for chronic liver disease have been directed at the causing agent: 

for instance, there are several active antiviral agents as therapies for hepatitis B and C. Likewise, 

there are many immunosuppressive agents which are given for immune-driven disease, such as 

autoimmune hepatitis. Even though these agents regularly have a beneficial effect on the degree 

of fibrosis, researchers are currently focusing on the development of drugs that are precisely 

developed to interfere with fibrosis. As the disease is only associated with general symptoms 

like malaise and fatigue, the risk of developing liver cirrhosis or hepatocellular carcinoma, 

consequently liver failure is increased. For end-stage liver disease, the only available option for 

treatment is orthotopic transplantation. Hepatocyte transplantation is the alternative to whole 

organ transplantation for patients with hepatic failure or hereditary liver disease. 

                              Cirrhosis and the liver                             HCC 

 Worldwide 
rank 

Mortalities 
(000s) 

% of total 
mortalities 

CDR (per 100,000 
population) 

Mortalities 
(000s) 

World 11 1,162 2.1 15.8 788 

Pacific & East Asia 13 328 2.0 14.4 547 

Central Asia & 
Europe  

17 115 1.2 12.7 78 

Caribbean & Latin 
America 

9 98 2.7 15.6 33 

North Africa & 
Middle East 

8 77 3.5 18.2 24 

North America 12 50 1.7 14.0 27 

South Asia 10 314 2.5 18.0 38 

Sub-Saharan Africa 16 179 1.9 17.9 42 

Table 1.1 Worldwide deaths related to liver cirrhosis and liver cancer 2015.  
Adapted from Asrani (2019)136.  
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1.4.2 Liver regeneration  
The liver performs crucial physiological functions and the malfunctions of the liver directly 

threaten life. Hence, the liver retains an exceptional regeneration capacity after injury. The 

organ can maintain homeostasis via either the replication of mature cells or the differentiation 

of stem cells. The synthetic and metabolic functions of the liver are predominantly performed 

by hepatocytes. Therefore, the default pathway in response to mild-to-moderate acute liver 

injury is for hepatocyte-mediated liver regeneration. In conditions such as massive hepatocyte 

loss or severe viral hepatitis which result in mature hepatocytes replication impairment, the 

response to these severe injuries is associated with activation and expansion of adult hepatic 

progenitor cells (HPCs) 141,142,143. HPCs existence in normal liver are characterised by 

expression of surface markers involving epithelial cell adhesion molecule (EpCAM), CD13 and 

CD133 144. HPCs also express markers of both biliary epithelial cells (K7, K19 and K14) and 

hepatocytes lineages (K8, K18, C-met and albumin) 145,146.  

The origin of HPCs has been much debated; traditionally they are thought to be small epithelial 

cells of the bile duct situated in the canal of Hering, the structures that reside between the 

intrahepatic bile ducts and hepatocyte-lined canaliculi 147(Figure 1.12). Similarly, early 

investigations suggested an extrahepatic origin such as bone marrow 148. It has been suggested 

that HPCs may originate from HSCs, as they express the same genes as undifferentiated cells 

in rats and contain many similar signalling pathways 149. More recent studies suggest that HPCs 

may originate from the dedifferentiation of mature hepatocytes or bile ductular epithelial cells 

in response to liver damage, proposing that the conversion from hepatocytes or bile ductular 

epithelial cells to HPCs is a reversible process after recovery from injury 150. Moreover, in 

addition to the canal of Hering at least three more discrete niches have been determined: 

intralobular bile ducts, periductal cells and peribiliary hepatocytes. 

Due to the lack of expression of a unique HPCs specific marker, the understanding of 

mechanisms originating bidirectional differentiation capacity of HPCs is inadequate. It is 

expected that the interaction between different constituents of HPCs niche is the vital factor 

controlling the self-renewal, activation, maintenance and differentiation capacity of the HPCs. 

Therefore, the potential of HPCs to contribute to liver regeneration could be related to the type 

and the severity of liver injury 151,152,153.  
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Figure 1.12 Schematic overview of liver lobule demonstrating the site of the canal of 
Hering.  The Canal of Hering is located in the junctional region between the hepatocytes and 
bile ducts 154.

 

1.5 Transdifferentiation of pancreas to liver 

1.5.1  Pancreas anatomy and physiology  
The pancreas is a tapered 6-inch long gland that is located behind the stomach across the back 

of the abdomen. It extends through the abdomen from the curved part of the duodenum to the 

spleen. The pancreas’ head is connecting to the duodenum and it is the broadest region of the 

organ. The organ extends laterally to the left and slightly narrowing forming the body of the 

pancreas. The narrow, tapered region extends from the body of the organ into the left side of 

the abdominal cavity close to the spleen is called the tail of the pancreas 155(Figure 1.13). 

The pancreas consists of exocrine and endocrine glandular tissue. Therefore, it is categorised 

as a heterocrine gland. The exocrine tissue forms approximately 99% of the pancreas mass. It 

is organised into several small groups recognised as acini, which are small collections of 

exocrine cells surrounding tiny ducts to form a raspberry-like structure. The acini exocrine cells 

secrete digestive enzymes which are excreted to the acini ducts. The products of many acini run 

into the largest pancreatic duct formed by joining the ducts of numerous acini 156 (Figure 1.13). 

The exocrine part of the pancreas performs a significant role in food digestion. The partially 

digested food is discharged slowly from the stomach into the duodenum in the form of a chyme, 

which is a thick, acidic liquid. 

Acini of the pancreas secrete pancreatic juice to be released into the duodenum to accomplish 

the chyme’s digestion. Pancreatic juice is a blend of salts, water, bicarbonate, as well as several 
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digestive enzymes. The pancreatic juice contains bicarbonate ions which act to neutralise the 

acidity of chyme to protect the wall of the intestine in addition to the generation of a proper 

environment for the pancreatic enzymes to function 157. The pancreatic enzymes specialise in 

digesting certain compounds that exist in chyme; such enzymes include amylase, trypsin, 

chymotrypsin, carboxypeptidase, lipase and nucleases 158.  

The endocrine tissue makes up 1% of the weight of the pancreas and it secretes hormones into 

the bloodstream. It consists of small collections of cells known as islets of Langerhans.  

Numerous capillaries flow through each islet to convey hormones to the other parts of the body.  

Alpha and beta cells are the main types of endocrine cells which make up the islets (Figure 

1.13). The endocrine portion of the pancreas act to regulate the glucose homeostasis in the 

bloodstream. The glucose levels in the blood must be maintained within specific borders to 

secure a steady source of glucose nourishing the cells of the body, although not to excess, as 

glucose could damage organs such as the kidney. The pancreas produces glucagon and insulin 

hormones in order to control blood sugar. The glucagon is secreted by the alpha cells. It 

increases blood glucose concentrations by motivating the liver and adipose tissue to breakdown 

the glycogen and triglycerides respectively into glucose to be released into the blood 159. 

Moreover, insulin is secreted by the beta cells which reduces blood glucose concentrations 

following a meal by increasing the taking of glucose by the liver, muscle and adipose tissues. 

Insulin promotes the storage of absorbed glucose in the forms of the glycogen in the muscles 

and liver and triglycerides in adipose tissue 160.  
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Figure 1.13 An illustration of the anatomy of the pancreas.  The pancreas crosses the 
abdomen laterally and superiorly toward the left side. The most broad part of the organ lies in 
the bend of the duodenum is called the head (right side). The body of the pancreas is the tapered 
part extending up slightly (left side). The end close to the spleen is the organ, the tail. It consists 
of two types of glands: the exocrine gland made of small clusters of acinar cells and secretes 
digestive enzymes which are released via a network of ducts joined to form the main pancreatic 
duct. Additionally, the endocrine gland, made up of the islets of Langerhans, secretes hormones 
into the bloodstream 161. 

1.5.2 Overview of signals defining hepatic and pancreatic progenitors 
Many genetic approaches have revealed that the pancreas and liver cells are derived from the 

endoderm germ layer after hours of endoderm development. The endodermal epithelium folds 

to the anterior of the gut tube to create the foregut and to the posterior to create the hindgut. 

Primarily, general suppression of fibroblast growth factor 4 (FGF4) and mesodermal WNT 

signalling in the foregut permits liver and pancreas induction. In the ventral foregut, bone 

morphogenetic protein (BMP) from septum transversum mesenchyme cells and FGF from the 

cardiac mesoderm promote the liver programme and suppress the pancreas programme 114. 

Subsequent morphogenetic movements assist in foregut closure. During this process, the 

undifferentiated cells of lateral ventral endoderm avoid the pancreas inhibitory FGF because 

they move caudal to the cardiac domain and can initiate ventral pancreatic development. The 

liver and ventral pancreas bud are characterised by the expression of Hex 162,163. Activin and 

FGF signals from the notochord block sonic hedgehog (Shh) signalling within the dorsal foregut 

endoderm allowing the pancreatic programme 164.  
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After activation of gene expression for the liver or pancreas, the epithelium of the endoderm 

changes to a columnar appearance. The cells of hepatic and pancreatic endoderm then migrate 

to the adjacent mesenchyme making tissue buds which become vascularised and proliferate 162. 

Therefore, the embryonic development of the liver and pancreas are similar and may explain 

the observed transdifferentiation of cell types in adulthood. 

1.5.3 The trans-differentiation  
Throughout embryogenesis, neighbouring tissues that develop in a shared cell layer will possess 

similar combinations of transcription factors specifying their fate. Tissues develop by varying 

the expression of a small number of transcription factors 165,166. This close developmental 

relationship is giving the cells of these tissues the ability to interconvert in some cases of chronic 

tissue damage and regeneration 167  

The term metaplasia is used to describe the conversion of cells or tissue from one phenotype to 

another and can comprise the direct transformations of differentiated cells as well as stem cells 
165,166. In human pathology, the term metaplasia has been extensively used to define the 

unpredicted exhibition of unrelated tissues in ectopic sites 168, for instance, the appearance of 

patches of intestinal epithelium in the stomach 169. In contrast, transdifferentiation is described 

as an irreversible switching of the cells that already differentiated to another phenotype, which 

signifies the loss of one phenotype and the acquisition of another 170. The term 

‘transdifferentiation’ was first proposed by Selman and Kafatos to explain a change in cell 

differentiation when they observed a switch in cell type during metamorphosis in the silk moth 
171. 

1.5.4 Transdifferentiation of pancreatic cells into hepatocytes in vivo 
Several pathological and experimental conditions lead to the transdifferentiation of pancreatic 

cells to hepatocytes. In 1981, Scarpelli and Rao used a methionine-deficient diet protocol to 

stimulate pancreas injury and regeneration in a Syrian golden hamster and observed hepatocytes 

in the regenerating pancreas, their observation was confirmed by detecting a variety of 

morphological features in addition to the expression of albumin and peroxisomes 172. Since 

then, various protocols have been used for the in vivo induction of hepatocyte in the pancreas, 

for example, the use of peroxisome proliferators treatment (e.g. ciprofibrate) 173,174 or particular 

carcinogens 175 and epithelial cells transplantation 176. The copper-depletion protocol is perhaps 

the most widely examined in vivo model of the hepatic metaplasia of the pancreas 175,177,178. 

Such a model is extremely reproducible in vivo. For example, hepatocytes may be induced in 
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the pancreas of adult rats kept for 7–9 weeks on a copper-deficient diet supplemented with a 

copper-chelating agent.  This results in a near total loss of pancreatic acinar cells and formation 

of numerous foci of hepatocytes during the recovery stage. Moreover, the liver cells in some 

animals occupied more than 60% of pancreatic volume within weeks  6–8 of recovery 177. The 

copper-deficient protocol results in the expression of HNF-1, HNF-3a, HNF-3b, HNF-4, 

C/EBPa and C/EBPβ in the pancreas of copper-depletion rat 178,179. 

Several of these transcription factors are mutual to both pancreas and liver 180 and it appears 

doubtful that factors typically found in both pancreas and liver tissues would be responsible for 

the transdifferentiation. However, the liver-enriched transcription factors LETFs (C/EBPβ) is 

not naturally expressed in the pancreas. Utilising in vitro model (treatment of organ cultures of 

mouse embryonic pancreas with DEX), show that it DEX is associated with an elevation of 

expression of the transcription factor C/EBPβ (CCAAT/ enhancer-binding protein β) and a 

reduction of the transcription factor Pdx-1. DEX also induces the appearance of hepatocyte-like 

cells in organ cultures of the pancreas, based on the expression of liver markers, albumin, α1-

antitrypsin and transthyretin. These findings suggested that C/EBPβ is a crucial component that 

discriminates between the liver and pancreatic differentiation programme 181. Several different 

cell origins for pancreatic hepatocytes have been suggested by using in vivo model systems ; 

specifically,  the suggested origins include acinar, endocrine or ductular cells 174,176,182. For 

example, using peroxisome proliferators induced hepatocytes in the pancreas of an adult male 

when added to their diet. Uricase-containing crystalloid nucleoids, specific for rat hepatocyte 

peroxisomes, existed in pancreatic hepatocytes. These structures assisted the detection of cells 

with hybrid cytoplasmic characteristics of pancreatic acinar and endocrine cells and 

hepatocytes. Such cells are assumed to represent a transitional stage in which pancreas-specific 

genes are being repressed while liver-specific ones are simultaneously expressed. The presence 

of exocrine and/or endocrine secretory granules in transitional cells suggests that 

acinar/intermediate cells represent the precursor cell from which pancreatic hepatocytes are 

derived 174. 

 since the embryonic development of the liver and pancreas are induced from the adjacent area 

in the foregut endoderm 183. This suggests that the difference in developmental specification of 

the liver and pancreas refers to the expression of only a few genes which also means the 

possibility to induce the conversion of liver into the pancreas (reverse transdifferentiation).  

The transdifferentiation of liver into the pancreatic exocrine tissue has been observed in animal 

experiments and certain human pathologies. It has been demonstrated in the livers of rats after 
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treatment with polychlorinated biphenyls 184, in the liver of fish treated with chemical 

carcinogens 185 or in the human liver of a patient with hepatic carcinoma 186. Moreover, the 

hepatocytes have been reversely transdifferentiated into pancreatic cells by adenoviral-

mediated expression of PDX1 which induced the conversion of hepatocytes into insulin-

producing pancreatic β-like cells in mice with budding β-cells to ameliorate Type 1 diabetes 

mellitus 187,188. 

These finding offered evidence regarding the origin of pancreatic hepatocytes. However, the 

difficulties in using the whole-animal experiments such as the ethical concern in addition to the 

requirement of time-consuming protocols and very high cost involved in breeding and housing 

has pushed the experts to use the pancreatic AR42J-B13 cells to establish the cell lineage 

experiment and to investigate the molecular and cellular basis of the transdifferentiation of 

pancreas to liver. In contrast to whole animal studies, cell lines offer several advantages, such 

as they are cost-effective, easy to use, provide an unlimited supply of material and bypass 

ethical concerns associated with the use of animal tissue. More advantages of using the 

pancreatic AR42J-B13 cells to establish the cell lineage experiment instead of the whole animal 

are ensuring that the starting populations are clearly defined and markers used to mark the cells 

remain exclusively in the original cells and their progeny and will not diffuse to the 

neighbouring cells. 

1.5.5 Trans-differentiation of B-13 cells to hepatocyte (B-13/H cells) 
The AR42J is a cell line isolated from adenocarcinoma of an azaserine-treated Wistar/Lewis rat 
189. Azaserine is a natural antibiotic initially isolated from Streptomyces fragilis 190 that causes 

cytotoxicity in cells. Only one intraperitoneal inoculation of 30 mg azaserine per kg body 

weight is efficient to induce adenoma and consequently carcinoma in rats several months after 

exposure, primarily in the pancreas 191. The AR42J is an exocrine pancreatic adenocarcinoma 

cell line used currently in basic exocrine pancreas research 192. They were isolated from tumour 

cells produced from the rat azaserine studies and were re-transplanted into untreated rats of the 

same species by intraperitoneal and subcutaneous injections up to five times 189 (Figure 1.14). 

The generated AR42J cell line was observed to express high levels of pancreatic exocrine 

enzymes such as amylase 193. The AR42J-B-13 (B-13 ) cell line is a sub-clone of the AR42J 

cell line which was subcloned by the Kojima lab in 1996 and stimulated to produce insulin-

secreting β-like cells after treatment with activin A and HGF 194,195.  

In 2000, Shen and colleagues observed that the B-13 cells go through an overwhelming 

alteration in the phenotype from the pancreatic exocrine-like cell to an hepatocyte-like-
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cells(B13/H cells) in response to the glucocorticoid dexamethasone (DEX) treatment 196. A 

sequence of reports after this discovery conclusively verify this information and reveal that B-

13/H cells express a diversity of hepatocyte-specific genes or hepatocyte enriched, comprising 

glucose-6-phosphatase, albumin, transferrin, transthyretin 197 and cytochrome P450 198. The 

expression of many hepatocyte-specific genes can be observed within ~3 days of DEX 

treatment including UGT, transferrin and CYP2E1, whereas albumin expression is not detected 

until later, at around day 9, showing the full transdifferentiation event takes time 199. A distinct 

characteristic of B-13/H cells is that they are exhibiting afunctional capacity that is 

quantitatively similar to freshly isolated rat hepatocytes (Figure 1.15). This feature is essential 

for in vitro cell models for studying toxicity mechanisms and possibly using the model to screen 

for drug and chemical toxicity 200.  

To date, the data propose that the B-13 may be corresponding to a pancreatic or liver progenitor 

cell based on it trans-differentiation from the phenotype of B-13 acinar cells straight to the 

hepatocyte-like B-13/H phenotype. Utilising a B-13 cell line stably transfected with a green 

fluorescent protein (GFP) gene controlled by a promoter (trans-activated in exocrine pancreas 

cells), data demonstrated that following treatment with glucocorticoid, B-13/H cells were 

detected expressing both GFP and hepatocyte markers. This observation suggests that the 

mechanism of altered differentiation is likely a direct conversion from “differentiated” 

pancreatic exocrine cell type into a hepatocyte and excludes the reversion to a plastic 

progenitor-like intermediate. However, more recent limited evidence suggests that B-13 cells 

may be turned to form a ductal phenotype in response to glucocorticoid and EGF 201. This 

conversion suggests that B-13 cells have a potency similar to hepatoblasts or may possess an 

endodermal progenitor phenotype, although a variety of cells in vitro are reflecting apparent 

response like epithelial-mesenchymal transition (EMT), to which the apparent plastic nature of 

B-13 could refer 202, even if B-13 cells entering (or are able under certain circumstances to 

enter) a transient plastic state prior to conversion to B-13/H cells remains ambiguous.  

Despite the fact that many liver-enriched transcription factors have been involved in trans-

differentiation to B-13/H, as mentioned previously (C/EBPß), which were expressed in the 

pancreas of copper-depletion rats has been identified as the critical component in trans-

differentiation 203. More importantly, Shen et al. (2000) found that transfection of C/EBPβ into 

B-13 cells can trigger the trans-differentiation into B13/H cells, while the dominant-negative 

form of C/EBPβ can inhibit this process. This observation suggests that C/EBPβ is an essential 

candidate for switching the pancreatic phenotype to the liver 181. The data from literature 

demonstrated that DEX treatment results in suppression of WNT signalling and subsequent 
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expression of C/EBPβ 204. Therefore, the role of WNT signalling in trans-differentiation has 

been examined.  

 

Figure 1.14 Origin and isolation of the AR42J and AR42J-B13 (B-13) cell lines.  Light 
micrographs of AR42J cell line and b-13 as indicated (Upper panels), fluorescence 
immunocytochemical staining showing cytoplasmic staining of the CYP2E1, DNA stained with 
DAPI DNA to identify the nucleus in B-13/H cells (lower panel)200. 
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Figure 1.15 Western blotting analysis of the indicated proteins after induction of  hepatic 
phenotype.  In vitro induction of cytochrome P450s in B-13, B-13/H and rat hepatocytes. B-
13, B-13/H and rat hepatocytes in culture were treated daily for 3 days with cytochrome P450 
inducers (androstenol, 5 μM; β-naphthoflavone [β-NF], 20 μM; phenobarbitone [PB], 1 mM; 
1,4-Bis-[2-(3,5dichloropyridyloxy)]benzene,3,3’,5,5’-Tetrachloro-1,4-bis(pyridyloxy)benzene 
[TCPOBOP], 1.5 μM DEX, 10 μM; pregnenolone 16α carbonitrile [PCN], 2 μM or bezafibrate 
250 Μm. 200
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1.5.6 Role of the WNT/β-catenin pathway in the transdifferentiation of B-13 cells into B-
13/H cells 

The WNT signalling pathway is a highly conserved signalling pathway across multiple species 

from Drosophila to humans 205. Initially, discovered for its role in carcinogenesis, then for its 

function in early development controls including cell fate defining, proliferation, migration and 

body axis patterning. Additionally, the WNT signalling pathway also controls tissue 

regeneration in the adult. The pathways of WNT signalling are a set of signal transduction 

pathways which start with proteins that deliver signals into a cell through cell surface receptors 

via specific proteins. The pathways involve a diverse family of secreted lipid-modified 

signalling glycoproteins which work as ligands to trigger the discrete WNT pathways via 

paracrine and autocrine routes 206. WNT signalling launches when a WNT protein combines 

into a frizzled (Fz) family receptor 207 co-receptors like lipoprotein receptor-related protein 

(LRP)-5/6 and receptor tyrosine kinase (RTK) may be involved besides the interaction between 

the Fz receptor and the WNT protein 208. As soon as the receptor is activated, a signal is 

conveyed to Dishevelled (Dsh), which is a phosphoprotein found in the cytoplasm. The 

conduction of this signal is via a direct interaction between Fz and Dsh. Subsequently, the WNT 

signal can turn-off into several pathways. The three most studied WNT signalling pathways are 

the noncanonical planar cell polarity pathway, the noncanonical WNT/calcium pathway and 

the canonical WNT pathway. As their names indicate, these pathways belong to one of two 

groups: canonical or noncanonical. The canonical pathway implies the protein β-catenin while 

the noncanonical pathway works independently 209. 

It has been documented that the canonical pathway plays a role in B-13 cells transdifferentiation 

into B-13/H cells. It is mediated by ligand binding to Frizzled and LRP (5/6) receptors resulting 

in the cytoplasmic gathering of β-catenin and β-catenin pass on to the nucleus. In the nucleus,  

it interacts with T cell factor (TCF)/lymphatic enhancement factor (LEF) for regulation of 

different target genes expression 205,210 In the absence of WNT, β-catenin would not accumulate 

in the cytoplasm as it would be degraded by the destruction complex which is composed of the 

following proteins: adenomatosis polyposis Coli (APC), Axin, protein phosphatase 2A (PP2A), 

casein kinase 1α (CK1α) and glycogen synthase kinase 3(GSK3)211,212. It degrades β-catenin 

by directing it for ubiquitination. Then, the degraded β-catenin are sent to the proteasome to be 

digested 213. In contrast, in the presence of the WNT ligand, it binds the Frizzled (Fz) receptor 

and its co-receptor (LRP6) or its close relative LRP5. As a consequence, the destruction 

complex function is disturbed. This function disturbance is attributable to the formation of a 
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WNT-Fz-LRP6 complex together with the recruitment of the scaffolding protein Dishevelled 

(Dsh) outcomes in the phosphorylation and activation of LRP6 and the recruitment of the Axin 

complex to the receptors. These actions inhibit Axin-facilitated β-catenin phosphorylation. 

Moreover, this permits β-catenin to accumulate, stabilise and travel to the nucleus to act as 

transcription cofactor beside the TCF/LEF (T-cell factor/lymphoid enhancing factor) 

transcription factors to induce WNT target gene expression 213 (Figure 1.16).  

 

Figure 1.16 The canonical WNT/β-catenin pathway.  WNT proteins are binding to frizzled 
receptors and the LRP co-receptor (WNT ON state) forming WNT-frizzled-LRP5/6 complex 
act to suppress the activity of glycogen synthase kinase-3β (GSK-3β). This prevents 
phosphorylation of downstream molecules allowing β-catenin to stabilise and accumulate 
within the cytoplasm prior to translocating to the nucleus and activating gene expression of the 
target genes. In the absence of the WNT ligand (WNT OFF state), the destruction complex of 
β-catenin (axin, APC, CK1α and GSK 3β) will phosphorylate β-catenin targeting it for 
ubiquitination subsequent proteasomal degradation 210. 

 

As mentioned previously in this section, WNT signalling is essential in organ development 214. 

Moreover, the WNT/β-catenin pathway is predicted to play a role in liver development in 

addition to hepatocyte zonation in the adult liver 215,216 as discussed in Section 1.2.2. Focusing 

on canonical WNT signalling pathway, the expression analysis of its elements presented that 

AR42J B-13 cells are expressing the WNT ligands (WNT1, WNT2b, WNT3a and WNT5a ) 

mRNAs and that the levels were repressed by DEX treatment. Furthermore, it has been 



Chapter 1. Introduction 

36 
 

demonstrated that DEX treatment in AR42J B-13 cells results in down-regulation of frizzled 

receptors (Fzd) and up-regulation of both DKK (Dickkopf-related protein 1) and sFRP (secreted 

Frizzled-related protein)217. This finding predicts that B-13 cells conversion into B-13/H cells 

by DEX may be induced by the suppression of the WNT signalling pathway.  

Moreover, in 2010, Wallace et al. found that DEX treatment induced a transient loss of 

constitutive WNT3a expression, resulting in an activation of GSK3β (glycogen synthase kinase 

3β) and consequent beta-catenin phosphorylation and loss of its nuclear localisation 218. 

Similarly, it is indicated that Tcf/Lef transcriptional activity was high in B-13 cells and 

furthermore, that this activity decreases with DEX treatment. Twenty-four hours of treatment 

with DEX was adequate to inhibit Tcf/Lef activity to a level parallel to that after treatment with 

the Tcf/Lef inhibitor quercetin (Figure 1.17) 218. Additionally, siRNA knockdown of beta-

catenin in B13 cells was sufficient to enhance DEX dependent transdifferentiation, whereas 

transfection with a mutant beta-catenin protein  (a non-degradable version of β-catenin) 

prevented dexamethasone-mediated transdifferentiation 218. β-Catenin acts as an activator for 

the transcription factors Tcf (T-cell factor)/Lef (lymphoid enhancer factor) and loss of cellular 

β-catenin is followed by a reduction in Tcf/Lef transcriptional activity. Although treatment of 

B13 cells with the Tcf/Lef inhibitor (Quercetin) resulted in induction of C/EBPβ, indicating 

that C/EBPβ is repressed by Tcf/Lef activity, the Tcf/Lef inhibitor did not promote 

transdifferentiation into B-13/H cells but did potentiate glucocorticoid-mediated 

transdifferentiation. Thus, inhibition of Tcf/Lef alone was not adequate to induce 

transdifferentiation of B13 cells into B13/H cells218. This data suggests that although it was 

evident that DEX treatment results in suppression of WNT signalling and subsequent 

expression of C/EBPβ, the connection between DEX and the WNT/β-catenin pathway needs to 

be identified. 
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Figure 1.17 B-13 cells into B-13/H cells transdifferentiation is linked with suppression of 
Tcf/Lef transcriptional activity.  B-13 cells were treated with DEX and transfected with the 
demonstrated constructs. After 24 hours of DEX treatment, the medium was changed and the 
cells were treated with 100 nMWNT agonists, 50µM quercetin and 10nMDEX. The cells were 
harvested 24 hours later. 0.1% (v/v) DMSO treatment was used as a vehicle control. Normalised 
luciferase activity versus cells transfected with TK$or TCF6-TK* during the same treatment. 
Significantly different with a p-value <0.05 using ANOVA (two-tailed) and ANOVA (two-
tailed)218.

 

1.5.7 Glucocorticoids in transdifferentiation of pancreas to liver 
Glucocorticoids are endogenous adrenal hormones. They were discovered in the 1940s as 

extracts of the adrenal cortex. Their levels in the blood are controlled by the hypothalamus-

pituitary-adrenal (HPA) axis 219,220. The primary physiological function of glucocorticoids is 

the regulation of general metabolism. In response to stress, high levels of glucocorticoids 

promote gluconeogenesis, lipolysis and protein and amino acid degradation 220. Glucocorticoids 

also regulate fluid and electrolyte homeostasis as they promote diuresis. Besides, they have a 

general anti-inflammatory effect, which allows them to be used as therapeutic agents 221. 

Although glucocorticoids also have multiple effects on foetal development, their circulating 
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levels are low in the embryo and foetus because the placental enzymes, such as 11β-

hydroxysteroid dehydrogenase [HSD2] inactivate glucocorticoids by metabolising them into 

inactive yields. Consequently, foetal levels only rise as the foetal HPA axis develops 222,223. 

This increase in circulating foetal glucocorticoid perhaps significantly participates in cell 

differentiation and tissue maturation, most particularly stimulating maturation of the lung as 

well as the production of the surfactant essential for extrauterine lung function 224. The effects 

of glucocorticoid are mediated by glucocorticoid Receptors (GR) and mineralcorticoid 
receptors (MR)225. It has been reported that the GR facilitates the response to glucocorticoid in 

B-13 cells and induces the process of transdifferentiation 226.  DEX which is a synthetic 

glucocorticoid has been commonly employed in generating B-13/H cells 166. It is more specific 

for GR than lots of natural glucocorticoids and less rapidly metabolised. Additionally, GR 

antagonists inhibit B-13 cells transdifferentiation into B-13/H cells 226. Other classes of steroids 

(e.g. oestrogens) are not able to stimulate the trans-differentiation of B-13 cells into B-13/H 

cells 200,227. Although glucocorticoids also activate the MR 228, glucocorticoid-dependent trans-

differentiation to the B-13/H cell is not blocked by MR antagonists. Besides, B-13 trans-

differentiation does not occur in response to mineralocorticoids 226. 

As mentioned in a previous section (1.5.4), several observations over the years have stated in 

vivo manifestation of hepatocyte-like tissue in pancreatic exocrine, in response to a range of 

pathological conditions. Later reports have been directed to study the effects of glucocorticoid 

on pancreatic exocrine tissue differentiation. In vitro studies have demonstrated that 

glucocorticoid treatment results in the conversion of both rodent and human embryonic acinar 

cells into hepatocyte-like cells 181,229. Although the functionality of these pancreatic hepatocyte-

like cells needs to be quantitatively compared to liver hepatocyte, then it would be arguable 

whether such cells could be defined as hepatocytes. However, the in-vitro environment in which 

the cells were cultured could influence this quantitative comparability which means that the 

cells could have the potentiality to form functional hepatocytes in the appropriate environment 

(such as in vivo). Moreover, studies in both rodents and humans verify this 217,227. In a study 

conducted by Wallace et al. (2009), using in vivo models, they demonstrated that pancreatic 

acinar cells of adult rats had been converted into cells that express liver-levels of CYP2E1 after 

treatment with high dose glucocorticoid for just a few weeks 217. 

In a transgenic mouse with high circulating endogenous glucocorticoids, many of the clinical 

features of Cushing’s disease are evident. Cushing's disease results from an adrenocorticotropic 

hormone-secreting pituitary tumour that leads to excess secretion of adrenocorticotropic 

hormone (ACTH). This excess secretion of ACTH stimulates secretion of cortisol by the 
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adrenal glands, resulting in supraphysiological levels of circulating cortisol. The 

pathophysiological levels of cortisol are associated with hypertension, diabetes, obesity, and 

early death 230. In the pancreas of many mice at 21 weeks of age there was significant liver-

levels of hepatocyte gene expression 231. This observation demonstrates that in vivo 

pathologically high levels of glucocorticoids alters the healthy pancreas to a hepatocyte-like 

phenotype showing equivalent levels of hepatocyte gene expression. Later analyses also 

indicate that the pancreas of adult patients maintained at high levels of systemic glucocorticoid 

treatment expressed hepatocyte levels of hepatocyte expressed genes 227.  

1.5.8 The role of Serine/threonine protein kinase (SGK1) in glucocorticoid-dependent 
transdifferentiation of B-13 cells  to B-13/H cells 

Serum and glucocorticoid-regulated kinases (SGKs) are also known as Serine/threonine protein 

kinases. SGK1 is a member of the Protein kinase superfamily; AGC kinases which include 

protein kinase A, protein kinase G and protein kinase C. Multiple isoform variants exist of most 

AGC kinases, adding to the complexity of this family 232. Physiologically, SGK1 functions to 

regulate sodium salt re-absorption by the kidney 233. Sgk1 exhibits a broad distribution in the 

tissues.  

In situ hybridisation studies localised Sgk1 mRNA in several epithelial and nonepithelial cells 

in the brain 234, eye 235 lung 234, liver 236, ovary 237, pancreas 238 and kidney 239. Little is known 

concerning the distribution of the Sgk isoforms at the protein level which may refer (at least in 

part) to the fact that the existing antibodies are not isoform-specific and thus, may detect 

different Sgk isoforms. Moreover, Sgk1 is an unstable protein with a rapid turnover/half-life of 

approximately 30 minutes 240. Rapid degradation of Sgk1 occurs through its ubiquitination and 

degradation by the proteasome 240. Although Sgk isoforms are expressed in numerous tissues 

and cell types, the function of Sgk1 in aldosterone-dependent control of sodium ion (Na+) 

homeostasis is the most-studied role of these kinases concerning the transportation of epithelial 

ions 241. The kidneys perform a vital role in keeping Na+ homeostasis. Excretion of Na+ in 

urine requires strict regulation to retain a constant extracellular volume during different dietary 

Na+ consumption and extrarenal Na+ losses 241. In the kidney, the expression of Sgk1 is induced 

by aldosterone which binds to the MR. Sgk1 then translocates into the nucleus and becomes 

phosphorylated via the PI-3K pathway, leaving SGK1 functionally active as a kinase which 

results in phosphorylation of the ubiquitin ligase Nedd4-2. Consequently, there is inhibition of 

epithelial Na+ channel (ENaC) ubiquitylation, internalisation and degradation in the 

endosomal/lysosomal system 241. In addition to this indirect action of Sgk1 on the ENaC cells 

abundant availability, it was suggested that Sgk1 could increase the activity of the ENaC 



Chapter 1. Introduction 

40 
 

channel by direct interaction with the ENaC channel 242 and phosphorylation of α-ENaC 

subunits 243. In the kidney, HSD11B2 rapidly oxidises the glucocorticoid to the inactive 

metabolite, thus preventing illicit activation of the mineral corticoid receptor by glucocorticoids 

which ensures that the main activation of MR is in response to mineralocorticoid and not 

glucocorticoid levels 244.  

Despite a clear functional role for SGK1 in the kidney, Sgk1 is induced by a vast spectrum of 

stimuli in addition to glucocorticoids, mineralocorticoids 245 and serum. These  stimuli include 

cell shrinkage and swelling 246, TGF-β247, chronic viral hepatitis 236, vitamin D3 248, glucose 249, 

fibroblast growth factor (FGF)250, platelet-derived growth factor (PDGF) 250, heat shock 251 and 

oxidative stress 251. As SGK1 provokes stress in response to low salt levels to promote salt re-

absorption, the effect of Sgk1 gene knockout in mice has only been noticed when the mice are 

forced onto a low salt intake 252,253. Recently, SGK1 has been shown to play a role in cell 

differentiation 254,255; however, there is no apparent phenotype – developmental identified. In 

comparison, the role for SGK1 in B-13 cells conversion into B-13/H cells has been extensively 

studied and identified.  

In 2011, Wallace and colleagues suggested that GR activation by DEX treatment in B-13 cells 

induces a marked increase in the serine/threonine kinase SGK1 before induction of C/EBPβ 256. 

A microarray study measured the levels of approximately 5000 transcripts in B-13 and 

compared them to those in B-13/H cells. In this study, SGK1 was identified as the highest 

induced transcript in B-13/H cells in response to glucocorticoid treatment 217. This observation 

provided a potential mechanism by which DEX treatment of B-13 cells could induce 

transdifferentiation/conversion via the WNT/β-catenin pathway, suggesting that SGK1, at least 

partially, phosphorylates the WNT signalling protein messenger β-catenin as an element of the 

mechanism that precedes stimulation of transcription factors such as CEBP-β 166,218 (Figure 

1.18). Further studies confirmed that the plasmid vector-mediated expression of either of SGK1 

isoforms which are identical except for alternative N-terminal domains (SGK1c and SGK1f) 

alone, resulted in the transdifferentiation of B-13 into B-13/H cells and inhibition of Tcf/Lef 

activity 256.  

Wallace et al. showed that inhibition of SGK1 expression by siRNA resulted in abrogation of 

dexamethasone-induced transdifferentiation. The in vitro experiment showed that recombinant 

SGK1 was efficient to phosphorylate recombinant β-catenin on the residues that target β-

catenin for ubiquitination and degradation 256. The process of β-catenin phosphorylation would 

be predicted to down-regulate the WNT signalling pathway in vivo. As mentioned previously 
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(Section 1.5.6), WNT signalling activity was high in B-13 cells, confirmed by a WNT signalling 

responsive promoter-reporter gene construct (top flash). Inhibition of WNT by over-expression 

of a mutant β-catenin or siRNA to knockdown β-catenin expression alone led to Cebp-β 

induction and trans-differentiation/conversion of B-13 cells into B-13/H cells 218. These 

findings suggest that Sgk1 isoforms may provide the link between GR activation and the WNT 

signalling pathway. This crosstalk could result in upstream Cebp-β induction and trans-

differentiation/conversion. It is unlikely to be operational in normal cells and operates only in 

pathological conditions, for instance, chronic high glucocorticoid levels.  

In 2016, Fairhall et al. discovered that continuous and pulse exposing of B-13 cells to DEX was 

sufficient to induce a robust increase in Sgk1c mRNA transcripts expression levels from 

undetectable levels in B-13 cells. Remarkably, expression of Sgk1c mRNA persisted 14 days 

later involving after pulse exposure to glucocorticoid. Moreover, this high induction Sgk1c 

mRNA transcripts was prevented by 5-azacytidine or by histone deacetylase inhibitors which 

propose that exposing B-13 cells to glucocorticoid-associated with a Gr-dependent pulse in 

DNA methylation and probably other epigenetic alterations such as histone modifications  

results in constitutive expression of Sgk1c and irreversible conversion of B-13 cells into B-

13/H cells 257. Understanding and application of these mechanism(s) could be used to generate 

a human equivalent B-13/H cell which could be used for drug and chemical toxicity screening 

as an alternative to primary human hepatocytes. 
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Figure 1.18 Schematic diagram of suggested mechanism of B-13 cells conversion / trans-
differentiation into B-13/H cells 200
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1.6 Pluripotent derived hepatocyte-like cells 

 Hepatocyte transplantation has recently turned into an option for orthotopic liver 

transplantation for the treatment of life-threatening metabolic liver diseases and acute liver 

failure 258. Besides their therapeutic capability, primary human hepatocytes are used to study 

the molecular and genetic features of human liver disease. Additionally, they offer a 

fundamental tool for drug toxicity screens and the discovery of new pharmaceuticals that can 

treat a broad group of metabolic diseases. However, the potential to use primary hepatocytes 

either for basic research or for therapeutic purposes has also been frustrated by the lack of 

donors and their affinity to quickly dedifferentiate and lose most hepatic functions following 

growth in a tissue culture condition 259. Besides, they are challenging to cryopreservation 260. 

The mature hepatocyte is patterned by the de-differentiation in reactions to the in vitro culture 

environment. De-differentiation may be initiated immediately after the cells isolation and 

probably induced by various factors, for example cell density, cell-matrix interactions, cell-cell 

interactions, deficiency of hormonal regulators and other factors in vitro 261 262,263. Under 

regular culture conditions such as culture on plastic, most of the original hepatocyte phenotype 

might be lost within a few days of culture. 

The need to expand primary hepatocytes purified from donor's livers could be avoided 

by using stem cells for hepatocytes production. In 2007, human hepatic stem cells isolated from 

adult livers appeared to be beneficial in vivo when they were transplanted back into a mouse 

model of liver injury 264. In 2009, mesenchymal stem cells from human adipose tissue were 

differentiated into hepatocyte-like cells in vitro and were determined to be able to engraft and 

express hepatic specific proteins when transplanted in mouse liver 265. However, the quantity 

of adult stem cells that should be extended in vitro and differentiated remains a drawback to 

these approaches. Human pluripotent stem cells (i.e., hESCs and hiPSCs) constitute a substitute 

supply of hepatocytes to elucidate the deficiency of liver cells for cells based therapy. Unlike 

adult stem cells, ESCs and iPSCs can proliferate indefinitely without loss of potency. Several 

studies have depicted the differentiation of hESCs into cells that display hepatic characteristics 
266. Similarly, iPSCs provide an alternative approach that avoids the arguments associated with 

the utilisation of human embryos to acquire pluripotent ES cells and they could supply 

autologous hepatocytes.  
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Karim Si-Tayeb et al. (2010), is the first report demonstrating that mouse iPS cells can 

be used to generate hepatocyte-like cells efficiently 267. In this decade, hepatocyte 

differentiation technology has predominantly been improved. Several hiPSC differentiation 

protocols that mimic developmental processes and lead to hepatocyte-like cells with increasing 

efficiency were published and reviewed by Yiangou et al. 268 . Most of the hepatocyte 

differentiation protocols can be divided into three differentiation steps: DE differentiation, 

hepatoblast differentiation and hepatocyte maturation. In general, each of these differentiation 

steps is performed using growth factors and cytokines known to be necessary for liver 

development. Specifically, this involves the application of growth factors at defined times in 

order to differentiate the stem cells from pluripotency to endoderm induction, hepatic lineage 

specification and finally, maturation. 

The first step of differentiating pluripotent stem cells to DE cells is critical in hepatocyte 

differentiation. The critical part of this step includes exposing cells to activin A and BMP4 
269,270,271,272. Various protocols established the supplementation of the medium with high 

concentrations of Activin A to promote the endoderm formation from pluripotent stem cells 268. 

The efficiency of endoderm formation can be enhanced through modulating the WNT pathway 

either by supplementing recombinant WNT protein (or adding small molecules mimicking 

WNT, such as Chir99021) or by inhibition of GSK3-beta. Additionally, inhibition of PI3-kinase 

using small molecules LY294002 can enhance the efficiency of endoderm formation 269,273,274. 

FGF2 and BMP4 are considered as initiators of the differentiation into DE and their addition 

during the first 24-48 hours of differentiation may be further promote endoderm formation 275. 

Both, WNT and FGF are required for the normal formation of the primitive streak, as mentioned 

in Section 1.3.3 276. However, extended WNT3a exposure causes loss of hepatocyte 

differentiation capability 277 as repression of WNTs in the ADE is essential for liver development. 

After the DE differentiation, hepatoblast differentiation can be enhanced by repression of the 

WNT/b-catenin pathway 278. These facts propose that the operating time of WNT3a treatment 

should be precisely regulated in order to achieve an efficient DE differentiation. The resulting 

endoderm progenitors described by some protocols can be retained for a prolonged period while 

preserving their ability to differentiate into a variety of endodermal derivatives 279,280,281. It has 

been observed that foregut cells could be frozen after five pas-sages and then thawed to be 

expanded for at least five additional passages without any loss in gene expression profiles or 

observable loss of proliferation capacity 280. 
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Cai et al. (2007), reported that the combination of FGF4 and BMP2 efficiently induced 

hepatoblast differentiation from DE cells 282. Brolen et al. used the mixture of BMP2/4 and 

FGF1/2/4 for the hepatoblast differentiation 283. Importantly, a low concentration of FGF2 has 

been shown to enhance the hepatocyte differentiation, while an intermediate or high 

concentration of FGF2 enhanced pancreatic or intestinal differentiation, respectively 284. 

According to this finding, the concentration of FGF should be controlled. 

For maturation of hepatocyte progenitors to hepatocyte-like cells, researchers 

recapitulated the physiological environment during perinatal and neonatal life. Therefore, the 

majority of the existing protocols use a particular hepatocyte maintenance medium 

supplemented with HGF and OSM in addition to DEX, which is known to induce expression 

of mature hepatic specific genes reviewed in 285. The longer the cells are subsequently grown 

in these conditions, the more their metabolic activity appears to increase. This stage of 

functional maturation can last up to 20–30 days with some protocols without DEX 52,283,286 and 

for 7-20 days with DEX 287. Hepatocytes produced from hPSCs express the critical transcription 

factors and functional markers, for instance hepatocyte nuclear factor 4 alpha (HNF4A), 

hepatocyte nuclear factor 6 (HNF6), CCAAT/enhancer-binding protein alpha (CEBPa), 

Prospero homeobox protein 1 (PROX1), Transcription factor GATA-4, ALB and CYP3A4. 

These hepatocyte-like cells were also shown to have liver-specific functions such as albumin 

secretion, glycogen synthesis, urea production, low-density lipoprotein (LDL) uptake and 

limited cytochrome P450 activity 52,267,283,286.  

Although human ES/iPS derived hepatocyte-like cells show various hepatic functions, 

the drug metabolic capacities in these cells are lower than those in primary human hepatocytes. 

Human ES/iPS derived hepatocyte-like cells also express high levels of immature hepatocyte 

markers, for example AFP, proposing a remaining immature/foetal phenotype 288,289. The 

characterisation of human hepatocyte-like cells functionality includes evaluating mature liver-

specific features that include albumin, urea, and fibrinogen synthesis, phase 1 and 2 metabolic 

enzyme activity (with specific substrates), and induction of drug metabolism enzyme and 

transporter (DMET) expression in response to specific inducers 279,290.  

1.7 Improving differentiation of iPSCs to hepatocyte-like cells 

The rapid dedifferentiation and immaturity of pluripotent derived hepatocyte-like cells have 

resulted in extensive attempts to manipulate the in vitro environment to generate or preserve 

hepatic functionality. These attempts include using co-culture systems in which paracrine 
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influence is added or coculturing different supportive cell types. Pan et al. (2016), efficiently 

generated functional hepatocyte-like cells from mouse liver progenitor cells via indirect co-

culture with immortalised human hepatic stellate cells (Pan et al., 2016).  

Another commonly used method to promote cellular maturation is the three dimensional (3D) 

culture method 291,292. Yamashita et al. (2018), have established a method for bulk production 

of hepatocyte-like cells exploiting a 3D cell culture bioreactor that enabled them to achieve 

homogenous hepatocyte-like cells on a billion scale (>109 cells). Some hepatocyte markers 

genes such as alpha-1 antitrypsin, cytochrome (CYP) 1A2, CYP2D6 and HNF4a  have  higher 

expression levels in 3D-cultured hepatocyte-like cells in comparison to 2D-cultured 

hepatocyte-like cells 292. The flow culture method in which a continuously perfused system is 

applied, was also used and resulted in the retention of in vivo-like hepatocyte phenotype and 

metabolic function 293 Moreover, in several approaches, transcription factors that are expressed 

in several developmental stages have been expressed in various differentiation steps of iPSCs 

to hepatocyte-like cells. Recombinant adenoviral vectors have been used to express SOX17 294, 

HEX 295 and HNF4a 296 to improve the differentiation to definitive endoderm, hepatoblasts and 

hepatocyte-like cells, respectively. 

1.8 Adenoviral vectors for gene transfer 

Adenovirus-based vectors are commonly used as gene delivery vehicles for transduction of 

different cell types, specifically for quiescent, differentiated cells, in basic research and gene 

therapy applications. The significant advantages of using adenovirus-based vectors are that they 

provide the most efficient gene transfer among other viral vector systems for a wide variety of 

cell types. Additionally, it has a very efficient nuclear entry mechanism. Notably, they can 

transfer genes into both proliferating and quiescent cells 297. Regarding the production, it can 

be produced in high titers (> 1012 pfu/ml). In addition, adenovirus DNA does not integrate into 

the host cell genome 298. Recent improvements in the development of adenoviral vectors have 

brought significant advancement concerning problems like target cell specificity, long-term 

expression of the transgene, immunogenicity and toxicity in vivo.  

1.8.1 Adenovirus Structure and biology 
Since the first isolation of adenovirus from adenoid tissue in 1953 299, to date approximately 57 

different human serotypes have been identified 300. Type 2 and 5 are the most commonly studied 

adenovirus serotypes, both of which are the basis of the recombinant expression system in 
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research today. Adenovirus is a non-enveloped virus with a linear, double-stranded DNA 

genome of 30-40 kb. Its nucleocapsid made up of 252 proteins in the form of 3 main types: 

hexon, fibre and penton based proteins 300 (Figure 1.19). Hexon based proteins are the structural 

basis of adenovirus and the major capsid protein. Both the fibre and penton based proteins are 

for receptor binding and internalisation of the adenovirus into host cells 301.  

The adenovirus capsid is accountable for the primary virus attachment to the cellular receptor, 

the coxsackie- and adenovirus receptor (CAR)302. Following initial attachment via CAR, the 

RGD-motif -motif in the penton based protein attaches to cell surface integrin receptors (αvβ1, 

αvβ3, or αvβ5), which act as a secondary or internalisation receptor. This step triggers the virus 

uptake by the host cell via endocytosis 303. After the endosomal uptake of the virus and release 

into the cytoplasm, the capsid of the virus is dismantled leading to the delivery of the core 

protein-coated viral genome to the nucleus. Inside the nucleus, the viral genes are expressed via 

the host cell’s replication machinery 304 (Figure 1.20). In the nucleus of infected cells, the virus 

genome is replicated and assembled, and mature viruses leave the host cell via disintegration. 

In contrast to other viruses, adenovirus DNA is not integrated into the host genome and remains 

in an episomal state 305.  

Episomes are non-integrated 306 extrachromosomal closed circular DNA molecules that may be 

replicated in the nucleus 306. The immediate early E1A gene is the first gene to be expressed 

once the adenovirus enters a host cell. The E1A gene is essential for adenovirus replication. 

Moreover, they encode a transactivator for the transcription of the delayed early genes in E1B, 

E2, E3 and E4 transcription units. The expression of these transcription units genes will modify 

a group of cellular genes in the host cell to facilitate adenovirus replication 307. The structural 

organisation of the Ad genome is shown in (Figure 1.21). Replication of the viral genome, 

which rely on ‘inverted terminal repeats’ (ITRs) of 100–140 bp in length at each end of the 

genome which contains cis-acting elements (origin of replication) and one copy of the terminal 

protein (TP) covalently attached to each 5’ (prime) end as an initiation primer, starts 

approximately 5–6 h after infection 307. Recognising the adenovirus replication cycle has 

allowed researchers to employ the vector to develop replication-defective (RD Ad Vector) 

versions for use in research. 
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Figure 1.19 Adenovirus Structure  308

 
 

 

Figure 1.20 Transduction of Adenovirus 308

 



Chapter 2. Materials and Methods 
 

 

49 
 

1.8.2 Replication- deficient adenovirus vectors  
Recombinant adenovirus expression vectors manipulate the low pathogenicity of the virus and 

the high nuclear transfer efficiency to deliver genes to the host cell. Most adenovirus vectors 

used in research are derived from adenovirus serotype 5 (Ad5). Replication-deficient can be 

produced by inserting or substituting the gene of interest into three regions of the viral genome: 

a region in E1, E3 and a short region between E4 and end of the genome (Figure 1.21). First-

generation vectors are based on the replacement of the E1 gene region with the transgene or 

therapeutic gene to be delivered to the cell of interest, with a highly active promoter like 

cytomegalovirus (CMV) promoter to motivate the expression of transgenes 301. As the E1 gene 

is essential for replication, the vector does not replicate in these cells under normal conditions. 

First-generation vectors can have an additional deletion in E3 which is dispensable for viral 

replication in cell culture, which make the total transgene capacity of these vectors up to 8kb. 

In order to propagate the recombinant virus that lacks E1 transgene expression, a 

complementing producer cell line, such as HEK293 which is a well-known cell line prepared 

by Frank Graham in 1977 is used 309. This cell line stably expresses the viral E1A and E1B 

proteins and thereby provides the essential E1 proteins for adenovirus replication. Despite the 

E1 and E3 deletion, evidence from animal experiments and human clinical studies demonstrated 

that viral genes are still expressed at low levels in cells transduced with first-generation vectors 

which can cause direct toxicity and immune response in vivo. This issue has led to the 

construction of ‘‘second-generation’ adenovirus vectors featured by additional deletions or 

inactivation (e.g., temperature-sensitive mutants) of E2 310 and/or E4 311 functions, which have 

improved transgene persistence and decreased inflammatory response in some studies; 

however, it did not ultimately solve the immunogenicity problem. The advantage though is that 

the second generation recombinant vectors can accommodate bigger transgene sizes. 
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Figure 1.21 Schematic of the genome of adenovirus type 5 (Ad5) and Ad5 based 
Replication-defective vector  308
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1.9 Project aim and hypothesis  

A common difficulty encountered with stem cell-derived differentiated cells in vitro is their 

maturation into fully differentiated phenotypes that quantitatively reflect the function of cells 

in vivo or directly after isolation from tissues. An example of this problem is the hepatocytes. 

Several reasons result in the immaturity of stem cell-derived hepatocyte-like cells. These 

include sub-optimal differentiation protocols, a sub-optimal in vitro environment and aberrant 

levels of regulating factors. These issues have resulted in extensive attempts to manipulate the 

in vitro environment to generate and/or preserve hepatic functionality.  

Numerous genetic approaches have revealed that the liver and pancreas cells are specified from 

the endoderm and regulated by a number of signalling pathways and transcription factors. 

Genetic studies revealed that they have a close developmental relationship which explains the 

in vivo transdifferentiation of pancreatic cells to hepatocyte-like cells and AR42JB-13 cells to 

B-13/H cells in response to dexamethasone in vitro. Moreover, in vitro transdifferentiation of 

B-13 cells is dependent on a transient suppression of Wnt signalling followed by induction of 

SGK1 via interactions with the GR. 

The project hypothesises that adenoviral-mediated expression of SGK1F will promote a mature 

hepatic phenotype in B-13/H cells and iPSCs derived hepatocyte-like cells. Accordingly, this 

project aims to: 

1. Examine the effect of the adenoviral-mediated expression of SGK1F on B-13 cells 

transdifferentiation into B-13/H cells. 

2. Investigate if SGK1F expression is upstream of β-catenin phosphorylation and WNT 

signalling changes in B-13 cells. 

3. Exploit the effect of SGK1F on B-13 cells and employ it on iPSCs directed toward 

hepatocyte-like-cells to potentiate their differentiation into hepatocytes (liver cells) so 

that their function more closely resembles human hepatocytes. 
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 Materials and Methods 

2.1 Materials 

Ethical authorisation for human liver tissue and hepatocyte isolation was gained via the 

Newcastle Biobank (https://www.ncl.ac.uk/biobanks/) with over-arching ethical permission 

from the Newcastle & North Tyneside 1 Research Ethics Committee. WNT signalling reporter 

constructs “Topflash” and “Fopflash” were purchased  from Addgene 

 AdV-GFP was kindly offered by Dr Audrey Brown (Newcastle University). Professor 

Matthew Wright (Newcastle University, UK) provided The pFLAG-CMV2 SGK1F construct 

which encoded 2-241 amino acids of flagged protein 256 and was sub-cloned into adenovirus to 

produce a replication deficient AdV-SGK1F by Vector Biolabs (Eagleville, PA). AdV-null was 

kindly provided by Philip Probert (PhD student Newcastle University, UK). AD3 cells were 

grown in 6 well plates by Rachel Wilson and Charlotte Candlish from Professor Lyle 

Armstrong’s laboratory (Institute of Genetic Medicine, Newcastle University, UK). The 

isolation of human hepatocytes was performed by Ibrahim, Tarek Abdelghany and Alistair 

Leitch from the Wright lab 

2.2 Cell Culture 

2.2.1  Rat pancreatic progenitor cells 
AR42J-B-13 Cells were generously provided by Philip Probert (PhD student Newcastle 

University, UK). B-13 cells culture was routinely performed using low glucose (1g/L) 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) foetal calf 

serum (FCS), 100units/ml penicillin, 100μg/ml streptomycin and 0.584g/L L-glutamine. Cells 

were retained in a humidified atmosphere at 37°C, 5% CO2 in the air. Cell culture media was 

changed every 2-3 days. DEX  treatment was used to transdifferentiate B-13 Cells into B-13/H 

by adding the 1000-fold molar ethanol solvated stocks. 0.1% (v/v) ethanol vehicle was used as 

the control treatment. 

2.2.2 HepG2 Cells  
The cell line (Hep G2) is a cell line that has been isolated from a liver biopsy sample belonging 

to a 15-year-old Caucasian male diagnosed with a well-differentiated hepatocellular carcinoma 
312. The cells secrete a variety of proteins such as α 1-antitrypsin, α2-macroglobulin, albumin, 

and transferrin. HepG2 cells were cultured in DMEM containing 10 % (v/v) FCS, 100units/ml 
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penicillin, 100μg/ml streptomycin and 0.584g/L L-glutamine. Media was subsequently changed 

every 2-3 days and cells were sub-cultured when 90-95% confluent, as described in Section 

2.2.1 using 2x Trypsin- Ethylenediaminetetraacetic acid (EDTA) (Sigma), as explained in 

Section 2.2.7. 

2.2.3 MCF-7  
MCF-7 cell line is a human breast adenoma cell line isolated from the pleural effusion from a 

69-year-old female experiencing a breast adenocarcinoma. Some features of differentiated 

mammary epithelium are exhibited by this cell line. MCF-7 cells were cultured in DMEM- 

(Sigma D5546 1000mg/L glucose) containing 10 % (v/v) FCS, 100 units/ml penicillin, 

100μg/ml streptomycin and 0.584g/L L-glutamine. Additionally, the media was changed every 

2-3 days. 

2.2.4 HEK293 
Sarah Armour (PhD student, Newcastle University, UK) kindly provided human embryonic 

kidney 293 (HEK293) cells. The cells were routinely seeded into six-well plates at 1 x 105 

cells/well and cultured in low glucose (1g/L) DMEM supplemented with 10 % (v/v) FCS, 

100units/ml penicillin, 100μg/ml streptomycin and 0.584g/L L-glutamine until approximately 

80% confluent. 

2.2.5 AD3 (iPSCs) 
AD3 cells are human iPSCs reprogrammed from dermal fibroblast (Lonza) isolated from a 37-

year-old female using a CytoTune‐iPS 2.0 Sendai Reprogramming Kit (Invitrogen) which 

includes three vector preparations: Klf4–Oct3/4–Sox2, cMyc, and Klf4, as described in 

Neganova et al. (2009 & 2016) 313,314. AD3 were grown in 6 well plates, transferred to the 

Wright laboratory and differentiated into hepatocyte-like cells, as described by Hannan et al. 

(2013) 52. 

2.2.6 Primary human hepatocytes 
Collagenase perfusion was used for the isolation of human hepatocytes from liver tissue, as 

described by Diaz et al. (1990) 315. It is donated after circulatory death of 60 years old patient. 

The liver is weighing 1900 g with high Liver Injury and cholestatic marker. 
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Cells were received, plated in 6 well plates and were cultured in Williams’ Medium E 

supplemented with 50 µg/ml gentamycin, 0.584g/L L-glutamine, 100units/ml penicillin, 

100μg/ml streptomycin 100nΜ insulin and incubated at 37ºC, an atmosphere air of 5% CO2. 

2.2.7 Cell passage  
When adherent cells reached 75-95% confluence, they were sub-cultured. The  medium was 

completely removed from the cells and washed once in phosphate buffered saline 8.0g/L NaCl; 

0.2g/L KCl; 0.2g/L KH2PO4,1.15g/L Na2HPO4) pH 7.4. Cells were incubated with 1 x 

Trypsin-EDTA (Sigma), diluted in 1x phosphate buffered saline (PBS)  (5ml per T75 flask and 

0.5ml per well of  six-well plate) and incubated at 37°C and 5% CO2 for 5-15 minutes. The 

culture vessel was then tapped gently to promote cell detachment which was confirmed by light 

microscopy and the trypsin was inactivated by adding an equal volume of FCS- containing 

culture media to the cell suspension. Cells suspension was then transferred to a 50 ml centrifuge 

tube (Fisher, Loughborough, UK). Cells were then centrifuged at 2000rpm for 5 minutes. The 

supernatant was discarded, and the cells re-suspended in fresh medium. The cells were then 

seeded as required for cell maintenance or kept frozen for cell storage.  

2.2.8 Long term cell storage  
Stocks for all cell lines were routinely frozen and stored long-term in -80°C or in liquid 

nitrogen. As soon as cells reached ⁓80% confluent, they were detached from the cell culture 

vessel and pelleted by centrifugation, as previously described in 2.2.7. After removing the 

supernatant, the pellet was re-suspended in freezing medium (10% Dimethyl sulfoxide (DMSO) 

and 90% FCS), typically 2ml per T752 flask. The suspension was then aliquoted into sterile 

cryovials (1ml/tube). Cryovials were placed in a Mr Frosty cooling device (Thermo Scientific, 

Loughborough, UK) which was prefilled with isopropanol and pre-chilled at - 80°C. Mr Frosty 

freezes cells at a rate of approximately 1°C per minute for optimal cell survival. Cryovials were 

left overnight, and then they were either transferred to the storage box at -80°C or retained for 

long term storage submerged in liquid nitrogen.  

2.2.9 Cell stock revival  
For the revival of frozen cells, cryovials were taken out from the storage box and rapidly 

defrosted in a water bath pre-warmed to 37°C. Once thawed, the cryovial contents were 

carefully pipetted into 50ml of fresh warmed culture medium in a falcon tube. The cells were 

then centrifuged at 600rpm for 4 minutes and the supernatant removed. The cell pellets were 
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re-suspended in fresh media and transferred to a culture vessel (cells were initially seeded into 

small culture vessels, e.g. 6-well plates). Subsequently, the cells were incubated under standard 

conditions, as outlined in the cell culture section (see 2.2), until the cells had adhered to the 

culture flask (overnight). The culture medium was then aspirated. The medium was changed 

the following day.  

2.2.10 Determining cell number  
Following the trypsinisation and the pellet preparation, as described in Section 2.2.7, cells were 

re-suspended in a defined volume of medium (1-10ml). 1 volume aliquot of cell suspension was 

added to 1 volume of trypan blue (0.4% w/v in PBS), gently mixed and loaded into a 

haemocytometer counting grid with just enough cell suspension such that no liquid falls down 

the side gulleys. Using the microscope under normal illumination, the number of cells in 4-16 

small squares was counted (depending on cell density). Three counts were taken per sample 

and averaged. The number of viable cells which excluded trypan blue (i.e. colourless cells) per 

ml of original suspension was then calculated as follows:  

𝑛𝑛𝑛𝑛. 𝑛𝑛𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑐𝑐𝑝𝑝 𝑚𝑚𝑐𝑐 = 𝑎𝑎𝑎𝑎𝑐𝑐𝑝𝑝𝑎𝑎𝑎𝑎𝑐𝑐 𝑛𝑛𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑛𝑛𝑐𝑐𝑛𝑛𝑐𝑐 × 2 ×
16

𝑛𝑛𝑛𝑛. 𝑛𝑛𝑜𝑜 𝑐𝑐𝑠𝑠𝑐𝑐𝑎𝑎𝑝𝑝𝑐𝑐𝑐𝑐 𝑐𝑐𝑛𝑛𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐 
× 10−4 

The cell suspension was then diluted as necessary based on the count as follows: 

 volume of the cells suspension needed ( µl)
= number of cells needed /no. of cells counted per ml of original suspensionx1000 

 Cells were then sub-cultured in 6 or 24 well plates at the desired density and incubated in an  

incubator at 37°C and 5% CO2 under humidified conditions. 

2.2.11 Cells viability test by trypan blue exclusion  
To assess the cells’ viability, 200ul of trypan blue (0.4% (w/v) was added to 2ml of cell media 

in 6 well plates and then aspirated off after 10 seconds had passed. Live cells which have intact 

plasma membrane exclude trypan blue stain, whereas dead cells fail to exclude it staining them 

blue. Cell photos were then taken using an OPTIKA bright-field microscope and imaged with 

a BUC2 Camera connected to a TOSHIBA computer set up with ScopeImage 9.0 software and 

ImageJ cell counter was used for counting the number of trypan blue positive (dead) and 

negative colourless cells (viable) cells. The number of non-viable cells and the total cell number 

in random views of fields were calculated and used to determine the percentage viability as 

follows:  
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% Of cells viability =
no. of viable cells
total no. of cells 

 𝑥𝑥100 

2.2.12 Adenoviral production and titration. 
Replication-deficient adenovirus was produced via HEK293 cells routinely seeded into six-well 

plates at 1 x 105 cells/well and cultured, as described in 2.2.4, until approximately 80% 

confluent. Viral stocks were serially diluted typically between 10 x 10-4 - 10-9. The medium was 

removed from the HEK293 cells and 300 μl of each adenoviral dilution added to each well. The 

plate was gently rocked to ensure coverage of all cells by the viral solution and returned to the 

incubator for 1 hour. During this incubation, 5% agarose solution in PBS was dissolved by heat 

and cooled to 45°C separately with a culture medium. After the hour of incubation for infection, 

the viral dilutions were aspirated from the cells, 5% agarose solution was diluted to 0.5% in the 

culture medium. In addition, 2 ml of this solution was added per well and left to set. Once set, 

a further 2 ml of culture medium was added per well and the cells typically cultured for 7-10 

days. The medium was discarded, and cells were then stained with neutral red (0.03% (w/v) in 

PBS) for 2 hours. The viral titre was determined from the number of plaques counted as follows: 

no. of plaques
dilution factor x 0.3

= 𝑝𝑝𝑜𝑜𝑐𝑐/𝑚𝑚𝑐𝑐 

2.2.13 Multiplicity of infection (MOI) determinations 
For the determination of MOI in any particular cell type, typically cells were expanded to 

approximately 80% confluence and infected with a serially-diluted range of titred AdV-GFP.  

Infected cells were then returned to the incubator. Cultures were examined daily using a 

fluorescent microscope for up to 4 days and the percentage of cells positive for green 

fluorescent protein (GFP) determined from 5 randomly selected fields.  The titre and the number 

of cells was used to estimate the MOI as below: 

MOI =
the virus titre X the virus volume resulted in > 85 % infection rate

no. of cells per ml
 

2.2.14 Adenovirus protocol for Infecting Cells 
A day before infection, cells were sub-cultured into six-well plates to give approximately 50% 

confluency. An appropriate volume of titred virus suspension is added to the media to infect 

the cells based on the MOI of the cell line and the number of cells seeded. The adenovirus used 

either AdV-SGK1F encoding human SGK1F,  AdV-null, AdV-GFP or AdV-NTCP. Uninfected 
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cells were included as controls. The cells were in some cases re-infected – with MOI altered as 

necessary – based on the extent of any apparent toxicity to previous infections in order to 

optimise both expression and cell viability. Cells cultured as outlined in (cell culture). To 

determine the amount of virus or plaque forming unit (PFU) to be added for a particular MOI, 

the following formula was used: 

Total no. of PFU needed = no. of cells x desired MOI . 

Subsequently, to calculate the total volume (ml) of the virus suspension needed to reach the 

desired dose, this formula was used: 

Total volume (ml)of virus needed =
no. of PFU
𝑉𝑉𝑉𝑉𝑝𝑝𝑐𝑐𝑐𝑐 𝑐𝑐𝑉𝑉𝑐𝑐𝑝𝑝𝑐𝑐

 

2.3 Plasmid DNA constructs and cells transfection 

2.3.1 Competent cell (TOP10) transformation  
Top 10 cells (Invitrogen, Paisley, UK) were transformed with the Plasmid of interest that 

propagate the DNA. TOP10 cells were stored at -80°C. When required, they were defrosted on 

ice and 50-100ng of plasmid DNA was combined in the vial and left on ice for 30 minutes. The 

cells were shocked by heating in a water bath at 42°C for 30 seconds without shaking, before 

being transferred to ice. 250 μl of super optimal broth (20mM glucose, 10mM NaCl, 2.5mM 

KCL, 10mM MgCl2, 10mM MgSO4, 2% tryptone and 0.5% extract of yeast) was added to the 

vial and retained in a 37°C incubator shaking at 225 rpm for 1 hour to allow cells to recover. 

The transformed cells (50-200 μl) were spread onto Luria broth (LB) ( LB-10g NaCl, 10 g 

Tryptone, 5 g yeast in 1 litre dH2O) agar plates containing the appropriate selection agent 

(kanamycin 25μg/ml or ampicillin 100μg/ml) and incubated over night at 37°C. The next 

morning a colony was picked and placed into 5 ml of LB with antibiotics as required and placed 

at 37°C in a shaking incubator at 220rpm overnight. The following day the cells were subjected 

to either mini- or maxi-prep or frozen, as described in, 2.3.2, 2.3.3 and 2.3.4 respectively.  

2.3.2 Miniprep purification of plasmid DNA  
Miniprep purification kits (Qiagen, Southampton, UK) were used for the purification of all 

plasmid DNA constructs following the manufacturer’s protocols. After alkaline lysis of the 

bacterial cell walls, the purification process continued with the adsorption of plasmid DNA onto 

a permeable silica membrane under high salt conditions 316. Additionally, 5 ml of culture was 

centrifuged in Eppendorf tubes at 16,000 g for one minute. The supernatant was discarded and 
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250 μl of buffer P1 (containing RNase) was mixed with the pellet to remove any ribonucleic 

acid (RNA) contamination. This step was followed by adding 250 μl of buffer P2 (highly 

concentrated salt buffer containing (SDS sodium dodecyl sulphate). The tube was mixed to 

produce a clear solution and 350 μl of buffer N3 then was added (containing acetic acid to 

neutralise alkaline lysis buffer) and immediately inverted to mix. The solution was centrifuged 

at 16,000 g for 10 minutes resulting a white pellet. The supernatant was then carefully removed 

and pipetted into a Qiaprep spin column and centrifuged once again for 1 minute at 16000 g. 

The flow-through was discarded, and 500 μl of buffer PB dispensed into the column, which 

was then centrifuged again as before, and the supernatant removed. The column was again 

centrifuged at 16,000 g for 1 minute after adding 750 μl of buffer PE to remove excess salt and 

the flow through disposed of. The column centrifuged once more for 1 minute to remove the 

deposits. Then, the column was transferred to a sterile and nuclease-free water (50 μl) added 

directly to the column membrane. The column was left to stand for 1 minute then centrifuged 

for 1 minute at 16,000 g to elute the plasmid DNA. Plasmid DNA was then quantified by a 

spectrophotometer, as described in 2.4.2 

2.3.3 Maxiprep purification of plasmid DNA  
Maxiprep relied on the same theory as the miniprep but designed to produce larger yields. A 

maxi-prep was performed using the Qiagen Maxiprep kit to purify large quantities of plasmid 

DNA (up to 500μg). An overnight culture of 500 ml culture flasks was divided into 50 ml 

centrifuge tubes and then centrifuged for 10 minutes at 6,000 g. The pellets were re-suspended 

and combined in one tube. The bacteria pellet was then lysed by adding 10 ml of buffer P1 and 

10 ml P2 and mixed by inversion. The solution was allowed to remain for 5 minutes and 10 ml 

of buffer P3 (pre-chilled on ice) was then added and mixed by tube inversion. After this step, 

the lysate was transferred to a QIA filter cartridge and was kept at room temperature for 10 

minutes. Subsequently, the lysate was then applied to a Qiagen-tip 500 column that had been 

equilibrated by the addition of 10 ml of buffer QBT left to drain through. The supernatant was 

left to enter the column after which the column was rinsed twice with 30 ml of buffer QC. The 

flow-through was discarded. Then the plasmid DNA elution and precipitation was performed 

by the addition of 15 ml of buffer QF into a 50ml centrifuge and 10.5 ml of absolute isopropanol 

respectively. The sample was inverted to mix then centrifuged at 6,000g at 4°C for 30 minutes. 

The supernatant was removed, and the pellet washed with 70% ethanol. After another 

centrifugation step (6,000g for 30 minutes at 4°C), all the supernatant was aspirated, and the 

DNA pellet left to air dry for 10 minutes. The pellet was then re-suspended in nuclease-free 

water and quantified as described in 2.4.2  
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2.3.4 glycerol stocks storage of DNA plasmids  
TOP10 cells transformed with plasmid DNA were stored long-term as glycerol stocks at -80°C. 

500μl of an overnight culture picked from a single colony was diluted 1:1 (v/v) with sterile LB 

media containing 30% (v/v) glycerol then transferred to a cryovial, labelled and frozen long 

term at -80°C. When required, previously stored bacteria were thawed, and a small sample (20-

30μl) streaked out on an agar plate augmented with a proper antibiotic such as ampicillin to 

select for transformed bacteria. After incubation overnight at 37°C, a single colony was picked 

from the plate and grown overnight in LB, with antibiotics as required, and plasmid DNA 

purified using a miniprep (2.3.2) or maxiprep (2.3.3).  

2.3.5 TOPflash/FOPflash plasmid transfection and dual luciferase assay 
WNT signalling reporter constructs M50 Super 8xTOPFlash and control plasmid Super 

8XFOPFlash were obtained from Addgene. The TOPFlash construct is a luciferase reporter of 

beta-catenin-mediated transcriptional activity. The construct backbone is the PTA-Luc vector, 

which delivers a minimal  promoter driving expression of the firefly luciferase gene. M50 Super 

8x TOPFlash reporter plasmid contains 7 copies of TCF/LEF binding sites 

(AGATCAAAGGgggta) which were cloned into the Mlu1 site of this vector, TCF/LEF binding 

site in CAP letters and a spacer in lower case, separating each copy of the TCF/LEF site. This 

plasmid was published as M50 Super 8x TOPFlash, however the plasmid contains only 7 

TCF/LEF sites. (Figure 2.1). Clone M51, Super8XFOPflash is the  appropriate control plasmid 

which has mutant TCF/LEF binding sites ( 

Figure 2.2). Top10 cells from Invitrogen (Paisley, UK) were transformed with the 

plasmid of interest to generate DNA. Miniprep and maxiprep purification of plasmid DNA were 

performed following the Qiagen protocol. 

Prior to transfection with plasmids, B-13 cells were sub-cultured onto 24 large plates using 

standard culture medium. The following day, 30 - 50% confluent cells that are actively dividing 

were used and two plasmid stocks were prepared (TOPFLASH and Luciferase containing reporter 

gene: RL-TK). A transfection with 6:1 fixed ratio for experimental to control plasmid DNA 

vectors were employed to control the transfection efficiencies between wells. (i.e. so that ratio 

of luciferase to the renilla vector will be identical in all transfected wells). For the 24 well plates, 

the total DNA concentration should be 0.34µg/well. Using Lipofectamine™ 2000 transfection 

Reagent (Promega), cells were transfected according to previously optimised protocol. DNA 

was diluted in 17.3 µl serum-free media (DMEM), mixed by tapping and left for 5 mins at room 
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temperature (RT). Then, 3.5 µl of lipofectamine reagent was diluted in 17.3 µl serum-free media 

(DMEM), mixed by means of tapping and left for 5 mins at RT. The two dilutions were then 

combined 1:1 and left for 20 mins at RT. Next, 34 µl/well was dispensed and incubated for 24 

hours. At this point, cells were treated daily according to the experiment set up and examined 

to check the plasmid toxicity. Cells were harvested up to 72 hours after transfection.  

Following the manufacturer’s instructions, a Dual-Luciferase Reporter Assay kit from Promega 

was used to assess the activity of WNT signalling in cells transiently transfected with renilla 

and or firefly luciferase constructs. (TOP/FOPFLSH and RL-TK). Dual reporter systems work 

to increase experimental accuracy where two individual reporter enzymes are simultaneously 

expressed. The dual luciferase® assay utilises the luciferase activities of both firefly (photinus 

pyralis) and renilla (renilla reniformis, sea pansy) detecting the activities of both sources 

respectively (Figure 2.3). The difference in the structure of the two luciferase enzymes allows 

discrimination between their bioluminescence. Transfected cells were washed twice in 1 x PBS 

before 1 x passive lysis buffer (5 x stock diluted 1:4 with dH2O) was added to each well (100 

μl/well of 24 well plate) and shaken on an orbital shaker for 15 minutes to disrupt the cell 

membrane and lyse the cells. Luciferase assay reagent (LAR II) was prepared by resuspending 

the luciferase assay substrate with the luciferase assay buffer. Then, 100 μl of LAR II was 

pipetted into a polypropylene tube and 100 μl of cell lysate added and mixed. The activity of 

the luciferase was measured by a luminometer. Firefly luciferase activity was then quenched 

using a pre-diluted stock of stop and glo reagent containing the substrate for renilla luciferase. 

The luciferase activity of the RL-TK was subsequently measured and recorded. For all 

transfections, the relative luciferase of the experimental plasmid DNA construct (e.g. 

TOPFLASH) was normalised to RL-TK levels by dividing the firefly measurement by the 

renilla value. Data was expressed as a fold change in luciferase activity in response to individual 

treatments.  
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Figure 2.1 Sequence Map for M50 Super 8x TOPFlash.  (addgene plasmid #12456)317 

 

 

Figure 2.2 Sequence Map for M51 Super 8x FOPFlash (TOPFlash mutant).  (addgene 
plasmid #12457)318
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Figure 2.3 Firefly and Renilla luciferases bioluminescent reactions.  Fireflies emit light via 
a chemical reaction in which luciferin is converted to oxyluciferin by the action of luciferase 
enzyme (upper panel). Renilla luciferase converts coelenterazine into coelenteramide. The 
energy released by this reaction is in the form of light (lower panel).

 

2.4 Reverse transcription polymerase chain reaction (RT-PCR) and real-time reverse 
transcription  PCR (qRT-PCR) 

2.4.1 RNA isolation 
The medium was aspirated prior to washing the cells in PBS before isolation of the total RNA 

using TRIzol (Invitrogen), according to the manufacturer’s protocol. After the PBS wash, 1ml 

of TRIzol was added directly to the cells in the well and left on an orbital shaker for 5 minutes. 

The TRIzol was then transferred to RNAse free Eppendorf tubes. After a 5 minute incubation, 

200 μl of chloroform was added and mixed by inversion. The mixture was then centrifuged at 

16,000 g for 15 minutes to promote the formation of an aqueous phase, interphase and organic 

phase. RNA partitions in the aqueous phase, whereas DNA and proteins are localised to the 

interphase and organic phases. The aqueous phase was transferred to a new tube and 500 μl of 

isopropanol was added to precipitate the RNA. Then, the tube was mixed by inversion and left 

to stand on ice for 15 minutes. To pellet the RNA, the tube was centrifuged at 16,000 g for 10 

minutes. The isopropanol was aspirated off and 1 ml of 70% ethanol used to wash the pellet. 

The samples were centrifuged again as before, and all the ethanol removed. After 5-10 minutes 

of air drying at room temperature, the pellets were re-suspended in RNase free water. The RNA 

was then quantified and frozen at -80°C until required. 
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2.4.2 RNA and DNA quantification  
For the determination and quantification of RNA or DNA in samples, their absorbance at 

260nm was measured using a Nanodrop 2000 spectrophotometer (Thermo Scientific) using 

RNase free water as the blank. The purity of the samples was measured by calculating the 

OD260/OD280 ratio. For pure nucleic acid samples, this should be between 1.8-2.1. Lower 

ratios suggest contamination, possibly by phenol or protein. The peak absorbance at 270nm 

rather than 260nm indicates significant phenol contamination which contribute to 

overestimation of nucleic acid concentration. After determining the quantity of RNAs. RNA 

samples were routinely diluted to 200ng/µl and 5ng/µl for RT-PCR and qRT-PCR respectively. 

2.4.3 1st strand synthesis and reverse transcription of RNA 
 Reverse transcription was performed using the RNA-dependent DNA polymerase M-MLV 

(Moloney Murine Leukemia Virus reverse transcriptase), essentially following the 

manufacturer's guidelines (Promega). To create complementary deoxyribonucleic acid 

(cDNA), RNA was diluted to a starting concentration of 200ng/μl. Additionally, 4μl of RNA 

(800ng) was incubated with 1 μl (50ng/μl) of random primers (Promega) at 95°C for 3 minutes. 

Samples were placed on ice. Master mix containing (per tube) 4 μl of 5x RT buffer (50mM 

Tris- HCl (pH 8.3 @ 25°C), 75mM KCl,3mM MgCl2 and 10mM DTT), 8 μl dH2O, 2 μl of 

10mM dNTP’s and 1 μl of MMLV was prepared on ice and added to each tube (15 μl total 

volume per reaction). The RNA was left for one hour at 42°C for optimal cDNA synthesis. 

Samples were stored at -20°C.  

2.4.4 Primers Design 
Forward and reverse PCR primers pairs were typically designed to amplify specific desired 

DNA sequences. The NCBI database (www.ncbi.nlm.nih.gov) was used to download 

nucleotide sequences of the required DNA sequences. Primer-blast was then used to design 

primer sequences for RT-PCR. PCR primers designed to flank the region of interest, range in 

length from 15–30 bases and contain 40–60% (G + C). Sequences that had minimal 

complementarity with themselves were avoided because they might produce an internal 

secondary structure. The 3 -ends of the primers were designed not be complementary to avoid 

the production of primer-dimers which deplete primers from the reaction and result in an 

unwanted polymerase reaction that competes with the desired reaction. Preferably, both primers 

had similar content of G and C to result in nearly identical melting temperatures (Tm= 2 ᵒC x 

(A + T) + 4 ᵒC x (G + C); in this way, both primers should anneal roughly at the same 
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temperature. The annealing temperature of primer pairs is calculated as Tm -5ᵒC. (For the List 

of primers used for PCR see Appendix A). 

2.4.5 Polymerase chain reaction (PCR) 
 PCR relies on thermal cycling which involves many cycles of repeated heating and cooling 

allowing for DNA melting, primer annealing and polymerase enzymatic replication of the DNA 

templates. Primers are explicitly designed to target genes of interest allowing selective 

amplification of the target DNA. During the reaction, the DNA generated from earlier cycles 

can act as a target itself allowing the DNA to be exponentially amplified. Taq polymerase is the 

DNA polymerase enzyme that was used in the PCR reaction to amplify short segments of DNA.  

For PCR reactions, 1 μl of cDNA (40ng) was added to each reaction tube along with 20 μl of 

PCR master mix which contained (per tube): 10 μl 2x go-Taq green master mix (Taq DNA 

Polymerase, 1.6mM dNTPs, 3mM MgCl2 and reaction Buffers), 6 μl dH2O, 2 μl of 10pmol/μl 

of up and downstream primers. PCR procedures were optimised for each set of primers. The 

standard PCR procedure was as follows:  

Initial denaturation            95°C                                      1 minute  

Then 30-35 cycles of:      

Denature                           95°C                                        1 minute  

Anneal                             depends on primer design        1 minute    

Elongate                           73°C                                         1.5 minute  

Final elongation               73°C                                         8 minutes  

Hold                                 4°C  

PCR products were then visualised by running them out on an agarose gel (1- 2% dependent on 

amplicon size) and viewed under U.V light.  

2.4.6 Agarose gel electrophoresis 
Due to the presence of sugar-phosphate in the backbone of the DNA, the DNA is negatively 

charged. When DNA fragments are placed within an electric field, they migrate towards the 
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positive electrode. All DNA migrates towards the anode; however, larger nucleic acid 

fragments migrate slower through the polymerised agarose gel. Agarose gel electrophoresis was 

used to separate DNA fragments by size. To resolve  DNA fragments greater than 400bp, a 1% 

agarose gel was used, whereas for amplicons smaller than 400bp, a 2% agarose gel was used.  

The gels were prepared by dissolving (1-2% (w/v) agarose powder in TAE (40mM Tris, 20mM 

acetic acid, 1mM EDTA) by means of heating and allowed to cool enough to hold before 5μg/ml 

ethidium bromide was added. Ethidium bromide is a nucleic acid inserting agent; upon exposure 

to UV light it fluoresces and allows nucleic acid samples to be visualised. Gels were then cast 

in a casting stand and a comb added to form wells. Subsequently, this was then left to set before 

electrophoresis. Once set, the gel was placed into the gel tank which was filled with 1 x TAE 

buffer and 10 μl of the reaction was loaded into an agarose gel alongside 100bp or 1Kbp DNA 

ladder (New England Biolabs). Agarose gels were run for approximately 45-60 minutes at 90 

volts. Once amplicons were resolved, they were imaged using a G: BOX transilluminator and 

bundled software. 

2.4.7 Total RNA isolation for qRT-PCR 
For qRT-PCR, High Pure RNA Isolation Kits were used (Roche), which included treatment of 

RNA with DNase, according to the supplier's instructions. Prior to running the TaqMan Gene 

Expression Assays, total RNAs were isolated to be used as a template for synthesis of single-

stranded cDNA. Working solutions were prepared as directed in the producer’s manual. Cells 

were suspended in 200 µl PBS and 400 µl Lysis/-Binding Buffer (4.5 M guanidine-HCl, 50 

mM Tris- HCl, 30% Triton X-100 (w/v), pH 6.6) was added and vortexed for 15 seconds and 

the entire sample was pipetted into the upper reservoir of a filter tube and centrifuged for 15 

seconds at 8,000 × g. Afterwards, the flowthrough liquid was discarded and 90 µl DNase 

incubation buffer (1 M NaCl, 20 mM Tris-HCl and 10 mM MnCl2, pH 7.0) per sample was 

pipetted and added to 10 µl DNase. Next, the solution was mixed, pipetted on the upper 

reservoir of the filter tube and incubated for 15 mins at +15 to +25° C. 500 µl Wash Buffer I (5 

M guanidine hydrochloride and 20 mM Tris-HCl, pH 6.6 (25° C); final concentrations after 

addition of 20 ml absolute ethanol was added to the upper reservoir of the filter tube and 

centrifuged 15 seconds at 8,000 × g. The flowthrough was discarded, the filter tube was 

combined with the collection tube and 500 µl Wash Buffer II (20 mM NaCl, 2 mM Tris-HCl, 

pH 7.5 (25°C) was poured into the upper reservoir of the assembly of the filter tube and 

centrifuged for 15 seconds at 8,000 × g. Subsequently, 200 µl of wash buffer II was then added 

to the upper reservoir of the filter tube assembly and centrifuged for 2 min at maximum speed 
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(approx. 13,000 × g) to remove any residual wash buffer. The filter tube was then inserted into 

a clean, sterile 1.5 ml microcentrifuge tube to elute the RNA: Next, 50 µl of elution buffer was 

dispensed to the upper reservoir of the filter tube and centrifuged for 1 min at 8,000 × g. The 

eluted RNA was directly quantified, as previously described in 2.4.2 and used either in RT or 

at –80°C for later analysis. 

2.4.8  qRT-PCR protocol 

The relative expression of the genes of concern was compared between samples using TaqMan 

Gene Expression Assays for quantitative analysis. qRT-PCR works in a similar manner to 

standard PCR by amplifying sequences of interest though it was using TaqMan Universal PCR 

Master Mix (The mix contains Taq DNA Polymerase, reaction buffer, dNTP mix with dUTP 

instead of dTTP). Likewise, a gene-specific primer and probe mixture (predeveloped TaqMan 

Gene Expression Assays), contains two unlabelled primers (1✕ final concentration is 900 nM 

per primer; 20✕ stock concentration is 18 μM per primer). The TaqMan® MGB probe (1✕ 

final concentration is 250 nM; 20✕ stock concentration is 5 μM). TaqMan® MGB probes 

contain a reporter dye (6-FAMTM) linked to the 5′end of the probe, a minor groove binder 

(MGB) at the 3 ́ end of the probe in addition to a nonfluorescent quencher (NFQ) Figure 2.4 

The assay process (Steps 1 to 4 in Figure 2.4) occurs in every cycle during PCR amplification. 

The system depends upon the transfer of fluorescent energy between a reporter and a quencher. 

The TaqMan Minor-groove binding (MGB) oligonucleotide probe is covalently bonded to a 

fluorescent reporter. The TaqMan - (MGB) probe anneals specifically to a complementary 

sequence between the forward and reverse primer sites (Step 1). In these probes, a moiety that 

binds to the minor groove of dsDNA is covalently bonded to the 3' end of the probe, in addition 

to the quencher, providing increased stability for the probe-template duplex and increasing the 

annealing temperature. When the probe is intact (Steps 1 and  2), the closeness of the reporter 

dye to the quencher dye results in repression of the reporter fluorescence. As the DNA 

polymerase extends the template from the primer in a 5' to 3' direction, it cleaves only probes 

that are hybridised to the target (Step 3). The cleavage of the reporter dye from the quencher 

dye results in increased fluorescence by the reporter. The increase in fluorescence occurs if the 

target sequence is complementary only to the probe and is amplified during PCR. The 

fluorescence from the reporter dye is directly proportional to the number of amplicons 

generated. The polymerisation of the strand continues, however because the 3` end of the probe 

is blocked, no extension of the probe occurs during PCR (step 4).  
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The TaqMan Gene Expression Assays applied are targeting the following human transcripts 

(OCT4, Hs04260367_gH; SOX2, Hs01053049_s1; SOX17, Hs00751752_s1; HEX, 

Hs00242160_m1; FOXA2, Hs00232764_m1; HNF4α, Hs00230853_m1; AFP, 

Hs01040598_m1; CYP1A2, Hs00167927_m1; CYP3A4, Hs00604506_m1; CYP3A7, 

Hs02511627_s1; CPS1, Hs00157048_m1; Albumin, Hs00609411_m1). The probe fluoresces 

once bound to double-stranded DNA (dsDNA). By the end of each cycle, the level of 

fluorescence is determined and used to calculate the amount of dsDNA present, thus allowing 

the amount of transcript of the target gene to be determined, relative to other samples. In a final 

volume of 20 µl the quantitative real-time PCR (qPCR) reaction mix was prepared by mixing 

TE buffer (0.5 µl), PCR grade water (7 µl), Taq man master mix (10 µl), TaqMan gene 

expression assay (0.5 µl) and 2 µl of 5ng/µ of each cDNA sample per well in an optical 96 well 

reaction plate. Each reaction was repeated in triplicate. The plates were sealed using optical 

film, vortexed gently and centrifuged at 250 g to collect the reaction mixture at the bottom of 

each well. Afterwards, the DNA was amplified using an Applied Biosystems 7500 Fast 

Thermocycler using standard ramp rate and the following Thermal cycling conditions: 

Stage                                                Temp (°C)                                          Time (mm:ss)                                                                

 

Hold§  

Hold  

Cycle (50 Cycles) 

50  

95  

95  

60 

2:00  

10:00 

0:15  

1:00  

 
Transcript levels between treatments were determined using the comparative ΔΔCt method by 

normalising to 18S ribosomal RNA (18S rRNA)) as housekeeping control to account for any 

variations in the RNA template between samples. For more reliable results it would be better 

to include control samples without reverse transcriptase treatment to check for any 

contamination.  
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Figure 2.4 Schematic illustrations of TaqMan PCR.  (Step 1) During polymerisation, the 
TaqMan probe containing a reporter dye (R) and a quencher dye (Q) specifically anneals to one 
strand of the DNA template between forward and reverse PCR primers. (Step 2) During 
amplification, the fluorogenic probe is displaced by Taq polymerase; (Step 3) and then cleaved, 
releasing the reporter dye; (Step 4) after cleavage, the shortened probe dissociates from the 
template allowing polymerisation of the strand to complete. Fluorescence is relative to the 
amount of amplification product accumulated Adapted from Medhurst 2000 319
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2.5 Protein isolation, quantification and analysis  

2.5.1 Tissue lysate preparation  
Rat liver tissue was snap frozen in liquid nitrogen then stored at -80°C until required. When 

needed, it was thawed on ice and rinsed in PBS to remove any blood. The tissue was then 

homogenised in 20mM Tris (pH 7.5). Protein concentration was then quantified by Lowry assay 

described in 2.5.3 and stored until required at -80°C. 

2.5.2 Preparation of cell lysate  
Cultured cells were washed twice in 1x PBS then scraped into 1ml (per well of 6 well plates) 

of PBS. The samples were then transferred to a clean Eppendorf tube and centrifuged 13,000 

rpm for 10 minutes and the pellet re-suspended in a known volume of 20mM Tris (pH 7.5). 

Samples were then quantified by Lowry assay (2.5.3), aliquoted and frozen at -80°C until 

needed.  

2.5.3 Lowry protein assay 

The Lowry assay was performed to determine protein concentration 320. The mechanism is that 

under alkaline conditions, copper reacts with peptide bonds. The addition of Folin-Ciocalteu 

reagent (FCR) produces a blue colour. The intensity of the colour is relative to the amount of 

protein present at 750 nm. With the use of protein standards, the concentration of protein in 

samples can therefore be easily calculated. Assay buffers were prepared fresh each time. Buffer 

ABC was made up as follows: Lowry A (2% (w/v) Na2CO3 and 4% (w/v) NaOH), Lowry B 

(2% (w/v) sodium tartrate) and Lowry C (1% (w/v) CuSO4) were combined at a ratio of 100:1:1 

(v:v:v). Folin’s reagent (Fluca, Switzerland) was diluted 1:1 in distilled water prior to use. BSA 

was used as the protein standard and was made up in 20mM Tris (pH 7.5) in concentrations 

ranging from 0-20mg/ml from a 20mg/ml stock diluted into dH2O. Then, 5 μl of each standard 

and sample was diluted with 50 μl of dH2O and 1 ml of ABC buffer. The diluted samples were 

briefly vortexed and left at room temperature for 10 minutes. Subsequently, 100 μl of diluted 

Folin’s reagent was added to each sample, mixed and incubated for 30 minutes. The samples 

were then transferred to 1 cm plastic cuvettes, and the absorbance at 750 nm was determined 

for each sample by a spectrophotometer. OD750 was measured using the 0mg/ml standard to 

blank. The OD750 of the standards was plotted against the concentration and used to calculate 

the protein concentrations of samples using the equation y = mχ + c.  
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2.5.4 Sodium-dodecyl sulphate polyacrylamide gel electrophoresis (SDS- PAGE)  
In 1970, Laemmli first described the use of the SDS-PAGE method to separate proteins by their 

molecular weight 321. The proteins are initially denatured to polypeptide chains by heating in 

the presence of SDS and the reducing agent DL-dithiothreitol (DTT) which breaks any 

disulphide bonds in the secondary, tertiary and quaternary structure. Sodium-dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) depends on utilising sodium SDS which is an 

anionic detergent. When an electric difference is applied to SDS bound polypeptides, they 

migrate towards the anode (due to the binding of negatively charged SDS) via the 

polyacrylamide gel at a rate proportional to their molecular weight, which allows for separation 

of proteins in a solution.  

Regarding the SDS-PAGE, gels were cast between two glass plates held together with clamps 

and sealed at the bottom. Resolving gels (9%) were composed of 9% bis-acrylamide, 375mM 

Tris-HCl (pH 8.8), 0.1% (w/v) SDS, 0.05% (w/v) ammonium persulphate and 0.05% (v/v) 

tetramethylethylenediamine (TEMED). The ammonium persulphate and TEMED were added 

last as they catalyse the polymerisation of the acrylamide. After pouring the resolving gel, 100 

μl of isopropanol was layered on top to eliminate air bubbles and to produce a straight edge 

between the separating and stacking gel. Once set (within 1 hour), the isopropanol was washed 

off with distilled water. The stacking gel consisted of 4% acrylamide/bis (w/v), 125mM Tris 

(pH 6.8), 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulphate and 0.1% (w/v). TEMED was 

immediately poured over the resolving gel and a comb inserted into the polymerising gel to 

form wells. Once set, the glass plates were unclamped and either stored in electrode running 

buffer (25mM Tris, 0.1% (w/v) SDS and 192mM glycine, pH 8.3) at 4°C for 2-3 days or placed 

in a gel tank filled with electrode running buffer for immediate use.  

2.5.5 Sample preparation for gel electrophoresis  

To prepare the protein samples for SDS-PAGE gel electrophoresis. They were diluted to 1- 

2μg/μl in reducing loading buffer (62.5mM Tris buffer pH 6.8, 10% v/v glycerol, 2% w/v SDS, 

100mM DTT and 0.02% w/v bromophenol blue and denatured by heating to 95°C for 5 minutes. 

Typically 20 μg of protein was loaded per well alongside a ladder containing coloured proteins 

of known molecular weights (ColorBurst Electrophoresis Marker, molecular weight 8-

220kDa). Electrophoresis was run at 100V until the migrating front reached the 

stacking/resolving interface at which point the voltage was increased to 160V. Once the samples 

had passed through the entire length of the gel, the proteins were transferred to nitrocellulose 

for Western blotting (described in 2.5.6).  
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2.5.6 Western blotting  
Western blotting is the process of specific proteins detection utilising SDS-PAGE and 

immunodetection. After the protein samples have been separated by electrophoresis, filter paper 

and nitrocellulose membrane (Thermo-Scientific) were cut to the same gel size and dipped in 

pre-chilled transfer buffer (25mM Tris, 192mM glycine and 20% (v/v) methanol, pH 8.3). Then,  

the plates were removed, and the gel transferred to the nitrocellulose membrane. The gel and 

nitrocellulose membrane was sandwiched between filter paper and a scrubbing pad on both 

sides in a transfer cassette, placing the nitrocellulose membrane close to the anode. The cassette 

was placed in a tank filled with pre-chilled transfer buffer and an ice block. The transfer was 

run for 2 hours at 100V. Once the transfer had occurred, nitrocellulose membranes were washed 

twice with 1 xTBS-T ( 0.2M NaCl, 20mM Tris, and 0.05% v/v Tween 20, pH7.4) to remove 

any excess methanol. The membranes were then blocked in 3% (w/v) skimmed milk powder in 

TBS-T for 1 hour at room temperature or 16 hours at 4°C to block non-specific antibody 

binding. After blocking, the membranes were washed 3x 5 mins each in TBS-T, before 

immunodetection. The nitrocellulose membranes were then incubated in primary antibody 

(diluted in 0.3% (w/v) skimmed milk powder in TBS-T, (see Table 2.1 for dilutions) for 1 hour 

at room temperature or 16 hours at 4°C. After primary incubation, nitrocellulose membranes 

were washed 3x 5 mins in a 1xTBS-T buffer followed by incubation with the appropriate 

species-specific horseradish peroxidase (HRP) -conjugated secondary antibody diluted in 0.3% 

(w/v) skimmed milk powder in TBS-T before the nitrocellulose membrane was rewashed as 

before.  

To detect the proteins of interest, enhanced chemical luminescence reagents ECL (Thermo-

scientific) was used. 1 ml of reagents 1 and 2 were mixed and added to the membrane and left 

for 30 seconds. ECL is a chemiluminescent able to bind to the HRP conjugated on the secondary 

antibody allowing detection of proteins. The membrane was then blotted with tissue paper to 

remove excess ECL and wrapped in saran wrap in a film cassette. CL-Xposure films (Thermo 

scientific) were exposed to the nitrocellulose membrane in a dark room at different times 

(dependent on antibodies used), then developed using an automated developer (RP X-OMAT, 

Kodak, Hertfordshire, UK). Following development, the position of the ladder proteins was 

marked on the film. Nitrocellulose membranes in some cases were re-probed for an additional 

protein. After the initial probing, membranes were stripped by washing for 1 hour at room 

temperature in TBS-T, changing the TBS-T every 10 minutes. The membranes were then 

blocked and probed again as before. 
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2.5.7 Fluorescence immunocytochemistry  
Cells cultured either in 6 well plates or in the NUNC® chamber were washed twice in PBS then 

permeabilised with 2 ml of ice-cold absolute methanol at 4°C for 10 minutes. The methanol 

was then aspirated, and the cells washed twice with PBS before fixation in 2 ml of fixative 

solution (0.2% (v/v) glutaraldehyde and 2% (v/v) formaldehyde in PBS, pH 7.4). After 15 

minutes at room temperature, the cells were incubated with 5% (v/v) FCS in PBS for 10 minutes 

to block non-specific binding of antibodies. After washing twice in 10mLs of PBS, the cells 

were incubated with the primary antibody diluted in PBS (see Table 2.1 for antibody details 

and dilutions) for 1 hour at RT followed by extensive washing in PBS, which was followed by 

incubation with the suitable secondary antibody at room temperature for 20-30 minutes.  

Secondary antibodies incubation was conducted in the dark, i.e., slides were covered in foil). 

Replicate wells stained identically except for incubation with no primary antibody were 

routinely included to determine the background level of fluorescence (no 1o Ab control). After 

extensive washing in PBS, the cells were incubated with the DNA intercalator 4',6-diamidino-

2-phenylindole (DAPI, 6μg/ml in PBS) for 20 minutes to identify cell nuclei. The cells were 

washed three times with PBS before and stored in 5 ml of PBS at 4°C in the dark before 

visualisation. For double staining, the cells were stained sequentially. They were reblocked with  

5% (v/v) FCS in PBS for 10 minutes and washed twice in 10mLs of PBS. This was followed 

by incubation for 1 hour with a second primary antibody diluted in PBS.  

The second primary antibody was raised in a species different from that of the first primary 

antibody (i.e., the first primary antibody was raised in a rabbit and the second primary antibody 

was raised in a mouse). This was followed by washing in PBS and incubation at room 

temperature for 20-30 minutes with a second secondary antibody conjugated with a fluorophore 

label that has a different colour from that of first secondary antibody (i.e. the first secondary 

antibody was anti rabbit IgG- fluorescein isothiocyanate (FITC) conjugated (green) and the 

second secondary antibody was anti-mouse IgG- Alexa  fluor 568 conjugated (red). This was 

subsequently followed by rinsing in PBS-and counterstaining with DAPI for 20 minutes at room 

temperature. Finally, chambers were removed from the slides before coverslips were mounted 

using vectashield (anti-fade) and sealed with clear nail varnish. Slides were visualised by 

fluorescence confocal microscope.
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Table 2.1 List of antibodies employed in Western blot and immunocytochemistry analysis  
 

Antigen Molecular 
mass (kDa) 

Dilution Comments and source 

                                                        Primary antibodies 

 

AFP n/a 1:100 ICC  
Mouse monoclonal IgG to alpha 1 Fetoprotein 
(ab3980) 

Albumin 60 1:3000 WB Rabbit polyclonal IgG from ICN (0855715). 

Albumin n/a 1:100 ICC Mouse monoclonal anti albumin (sc-271605) 

 

β-actin 44 1:3000 

WB 

Monoclonal anti β-actin antibody produced in mouse 

sigma (A54410) 

 
Cytochrome 

P4502E1 
50  
 

1:1000 WB 

1:100 ICC 

 Rabbit polyclonal IgG Cytochrome P4502E1, Abcam 

(28146) 

 
CPS-1 160 WB 1:2000 

ICC 1:100 

Rabbit polyclonal IgG to CPS1 (ab3682) 

 

Cytokeratin 19 n/a 1:100 ICC Rabbit polyclonal IgG to Cytokeratin 19 (ab484632) 

 

-β-catenin 95 1:1000 WB Rabbit polyclonal IgG to beta Catenin, Abcam (ab 

6302) 

β-catenin 

phosphorylated  

95 1:1000 WB Mouse monoclonal to beta Catenin phosphorylated at 

serine 33 and 37, Abcam (ab11350) 
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Antigen Molecular 
mass (kDa) 

Dilution Comments and source 

DDDDK tag   48.9 1:2000 WB 

1:200 ICC 

Anti-DDDDK tag mouse antibody, Abcam (ab72469)  

 

SGK 55 1:1000 WB 

1:200 ICC 

 

SGK mouse Ab (sc-377360) 

                                                        Secondary antibodies 

Anti-rabbit 
IgG 

n/a 1:3000 WB 

 

HRP-conjugated goat anti-rabbit IgG , Sigma (A6154) 

 

Anti-mouse 
IgG 

n/a 1:3000 WB 

 

HRP-conjugated goat anti-mouse IgG, Dako ( P0447) 

 

Anti-rabbit 
IgG 

n/a 1:3000 ICC 

 

FITC-conjugated sheep anti-rabbit IgG, Dako (F7512) 

 

Anti-mouse 
IgG 

n/a 1:3000 ICC 

 

TRITC  conjugated rabbit Anti-Mouse IgG (whole 

molecule) -  SIGMA T2402 

 (abbreviations: ICC - immunocytochemistry, IWB – Western blot, IgG -immunoglobulins, HRP-horse radish 
peroxidase)
 
 

2.6 SGK1 activity assay 

2.6.1 Buffer preparation 
1.    5X Reaction Buffer A: 200mM Tris [pH 7.5], 100mM MgCl2 and 0.5mg/ml BSA  

2.    4X Kinase Buffer: 4X Reaction Buffer A + 200μM DTT  =2µl/ml)  

3.    4X Kinase Buffer D: by adding 4% DMSO  

4.    1X Kinase Buffer: by diluting the 4X Kinase Buffer  
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5.    1X Kinase Buffer D: by diluting 4X Kinase Buffer D 

6.    1X Kinase Buffer (5% DMSO): by diluting the 4XKinase Buffer and adding 5% DMSO 

2.6.2 SGK1 assay protocol 
The ADP-Glo Kinase Assay is a luminescent kinase assay which determines the amount of 

adenosine diphosphate (ADP) produced by a kinase reaction; ADP is changed into adenosine 

triphosphate (ATP), which is changed into light by Ultra-Glo Luciferase. The luminescent 

signal positively relates to kinase activity. 500ng/ml of cells lysate were prepared. Next, 20 µl 

kinase solution was made by mixing 13.33µl of (500ng/ml) of cells lysate, 5 µl kinase buffer D 

(4X Reaction Buffer A + 200μM DTT ) and 1.67 µl of H20 per samples. Additionally, the 

substrate mix was prepared by mixing 4X Kinase Buffer D, 100μM ATP (the 10x used to create 

the standard curve) and AKT Substrate (1mg/ml) in ratio 1:1:2. A kinase reaction was 

performed by adding 14 µl of 2.5X ATP/Substrate Mix into 20 µl of kinase solution, mixed for 

two mins and incubated for 40 minutes at room temperature. After the kinase reaction was 

completed, an equal volume of ADP-Glo Reagent was added and incubated for 40 minutes to 

terminate the kinase reaction and deplete the remaining ATP. Second, the kinase detection 

reagent was added and incubated for 30 to 60 minutes at room temperature to simultaneously 

convert ADP to ATP and allow the newly synthesised ATP to be measured using a 

luciferase/luciferin reaction Figure 2.5. The generated light was measured using a luminometer. 

The luminescence was correlated to ADP concentrations by using an ATP-to-ADP standard 

curve. The samples used to generate an ATP-to-ADP standard were created by combining the 

appropriate volumes of ATP and ADP stock solutions (Table 2.2). Making a standard curve 

that represents the luminescence corresponding to the conversion of ATP to ADP based on the 

ATP concentrations used in the kinase reaction.

 

%ADP    100      80 60      40 20 10 5 4 3 2 1 0 

%ATP      0 20 40 60 80 90 95 96 97 98 99 100 

Table 2.2 Percent Conversion of ATP to ADP Represented by the Standard Curve 
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Figure 2.5 The ADP-Glo assay principle.  The assay comprised two steps. The first step (after 
the kinase or ATPase reaction) is the addition of the ADP-Glo™ reagent which ends the kinase 
reaction and depletes any remaining ATP (40-minute incubation time). The second step adds 
the kinase detection reagent which converts ADP to ATP and generates light from the newly 
synthesised ATP using a luciferase-luciferin reaction, is 30–60 minutes incubation time 
according to the ATP concentration used in the kinase reaction). The light produced is 
proportional to existing ADP and, consequently, kinase or ATPase activity 322.

 

2.7 Differentiation of IPSCs (AD3 cells) into hepatocyte-like cells. 

2.7.1 Reagent set up  
All media and reagents were purchased from Gibco unless stated 

CDM-PVA medium  

Chemically defined medium: Poly Vinyl Alcohol (CDM-PVA) medium was prepared for 

maintenance of human induced pluripotent stem cells and differentiation to endoderm. For 500 

ml, 0.5 grams of Poly Vinyl Alcohol (PVA) (Sigma) was dissolved in 5 ml of sterilised distilled 

water by gradual heating in a water bath till 90ºC  and mixed with 245 ml of Iscove’s Modified 

Dulbecco’s Medium (IMDM). This was then sterilised using 0.22 µm filtration device and 

added to 250 ml of DMEM-F12 before adding 5mL Concentrated lipids 20 μL Thioglycerol 

(Santa Cruz), 350 μL Insulin, (Roche) 250μL Transferrin(Roche), 100units/ml penicillin, 

100μg/ml streptomycin (Sigma). The medium was stored in 4ºC to be used up to four weeks 

after preparation and should to be warmed to 37 °C before use. For maintenance of hPSCs, 

10ng/ml  of recombinant Human/Mouse/Rat Activin A Protein(Activin A) (R&D systems), 

10ng/ml recombinant Human FGF basic Protein (bFGF) (R&D system) was freshly prepared 
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by adding 1 µl of 100µg/ml stock per 10ml of CDM-PVA medium. For cell differentiation to 

endoderm CDM-PVA media was freshly prepared by mixing 10 ml of CDM-PVA media with 

10 µl of 100µg/ml stock Activin A (100ng/ml), 10 µl of 100µg/ml stock bFGF (100ng/ml), 1 

µl of 100µg/ml stock of recombinant Human Protein BMP4 (ThermoFisher Scientific) 

(10ng/ml), 2 µl LY294002 of (Promega) 50mM stock solution (10µM) and 7 µl of 4.29793mM 

CHIR99021(Sigma) (3µM) 

RPMI-B27  

Roswell Park Memorial Institute (RPMI) 1640 Medium supplemented with B27 (RPMI-B27) 

was prepared for differentiation of ADE and hepatoblast specification. For 500 ml of RPMI, 

B27 supplement was freshly prepared by mixing 0.05 mg Vitamin A acetate (sigma) (0.1mg/L), 

0.2125 g bovine serum albumin (BSA) (based on serum albumin concs of 0.35-0.5g/L), 5 ml 

ITS supplement (1:100 dilution) that consists of 1.0 mg/ml recombinant human insulin, 0.55 

mg/ml human transferrin and 0.5 μg/ml sodium selenite at the 100x concentration, 450 mg D-

galactose(Sigma) (900mg/L), 0.95 mg Ethanolamine HCl (1.9mg/L), 3.95 ml of L-Cartinine 

HCl (2mM) (Sigma), 5 ml concentrated lipids (1:100 dilution) which is a concentrated lipid 

emulsion formulated to substitute foetal bovine serum in cell culture, 0.04 mg Putrescine 2HCl 

(0.08mg/L) (Sigma), 5 µl of 10mM Triiodothyronine (T3) and 5 mg reduced glutathione 

(10mg/L).  

Subsequently, B27 supplement was added to 490 ml RPMI 1640 in addition to 5 ml Non-

Essential Amino Acids (NEAA) which were supplemented for cell culture medium to increase 

cell growth and viability. NEAA is constituted of 10mM glycine, 10mM L-alanine, 10mM L-

asparagine, 10mM L-aspartic acid, 10mM L-glutamic acid, 10mM L-proline and 10mM L-

serine. Additionally, 100units/ml of penicillin and100μg/ml streptomycin were also added to 

RPMI-B27. The medium was stored at 4 °C for up to 3 weeks and warmed up to 37 °C before 

use. For differentiation to Anterior Definitive Endoderm (ADE), RPMI-B27 + Activin A was 

freshly prepared by mixing 10 ml of RPMI-B27 with 5 µl of 100µg/ml stock of Activin A 

(50ng/ml). For hepatoblast specification, RPMI-B27 + BMP4 and FGF10 was freshly prepared 

by adding 1 µl of 100µg/ml stock of BMP4 (20ng/ml) and 0.5 µl of 100µg/ml stock of FGF10 

(ThermoFisher Scientific) (10ng/ml)
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HBM+OSM+HGF 

Hepatocyte Basal Medium (HBM) from Lonza (CC-3199 was used for maturation of 

hepatoblast into hepatocyte-like cells. 100units/ml penicillin, 100μg/ml streptomycin was 

added to 500 ml of HBM and per 10ml of HBM, 3 µl of 100µg/ml stock of recombinant human 

OSM (PEPROTECH), (30ng/ml) and 5 µl of 100µg/ml stock of  HGF (PEPROTECH) 50ng/ml 

were added when required. 

2.7.2 The procedure for AD3 cells differentiation toward hepatocyte-like cells 
Upon receiving iPSCs ad3 cells, cells were cultured with freshly prepared CDM-PVA with 

100ng/ml Activin A and 100ng/ml b FGF. After 24 hours, the cells were washed with calcium-

and magnesium-free PBS (137 mM NaCl, 27 mM KCl and 100 mM phosphate pH 7.4). The 

cells were then treated with freshly prepared CDM-PVA media containing 100ng/mL activin-

A, 100ng/mL FGF2, 10ng/mL bone morphogenetic protein 4 (BMP4), 10µM LY294002 and 

3μM CHIR99021 for 24 hours. This was followed by freshly prepared CDM-PVA with 

100ng/mL activin-A, 100ng FGF2, 10ng/mL BMP-4 and 10µM LY294002 for 24 hours to 

produce a culture enriched for definitive endodermal cells (DE) 52 (DEF ENDODERM d3). DE 

cells represent the earliest precursors for all endodermal organs. The culture medium was then 

changed to RPMI-B27 medium containing 100ng/mL activin-A and 100ng/mL FGF2 to 

promote the formation of anterior definitive endodermal cells 52.  

From days five to seven, cells were treated daily with RPMI-B27 differentiation medium with 

Activin-A (50 ng/ml). At this time ADE specification takes place (ANT DEF ENDODERM 

d8). ). These cells represent a common progenitor between the liver, pancreas, lung and thyroid. 

At day 8, hepatic differentiation was induced by replacing the medium with RPMI-B27 

differentiation medium containing 20ng/mL BMP4 and 10ng/mL fibroblast growth factor 

(FGF10). The medium was changed daily for the subsequent four days leading to cell cultures 

enriched with hepatoblasts (HEPATOBLASTS d12). Formation of hepatocyte-like cells was 

subsequently promoted by culturing hepatoblasts in basal hepatocyte medium (Lonza CC-3199) 

containing 30ng/Ml OSM and 50ng/mL HGF. The medium was changed every two days 

(HEPATOCYTE-LIKE dX). 
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2.8 Image analysis  

Cells were viewed using an OPTIKA bright-field microscope and imaged with a BUC2 Camera 

connected to a TOSHIBA computer set up with ScopeImage 9.0 software. Fluorescently stained 

cells were imaged using either a Zeiss fluorescence (Cambridge, UK) or a Nikon SP2 laser scanning 

confocal (Kingston-upon-Thames, UK) microscope. AdV-GFP infected cells were imaged by 

confocal microscope (Leica). The cells were counted using ImageJ. Percentage of the GFP 

fluorescence cells determined. The threshold for positive staining was specified and kept constant 

for each batch of stained slides. 

2.9 Statistics  

Data in this project were analysed using SPSS statistical software version 19 (IBM, Armonk, NY, 

USA). To determine the statistically significant differences between groups, the mean values of the 

groups were analysed using one way ANOVA and the Student’s 2-tailed t-test. Despite the 

hypothesis test used, significance was achieved where p<0.05. 
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 Investigating the role of SGK1 in B-13 trans-differentiation to B-
13/H cells 

3.1 Introduction 

The B-13 pancreatic cell line is a progenitor cell line with a unique capacity to generate 

hepatocyte-like (B-13/H) cells after exposure to glucocorticoid hormone alone 198,200. The 

mechanism(s) controlling the conversion/trans-differentiation of B-13 cells to B-13/H cells 

could therefore be used to stimulate/maintain differentiated phenotype in stem cell-derived 

specialised cells. 

In the Tg (Crh) mouse model of Cushing's disease, which produces a prevalent expression of 

hepatocyte-specific gene expression in the acinar pancreas by 21 weeks of age, Sgk1c was 

induced from undetectable levels in the pancreas 226,231. A further study in 2013, demonstrated 

that the human pancreas contained hepatocyte levels of hepatocytes marker genes after long-

term systemic treatment with glucocorticoid and culturing human acinar cells with 

glucocorticoid also results in expression of hepatocyte-specific genes. These modifications 

were associated with an induction in the expression of the SGK1F variant 227. Moreover, a 

previous study identified that Sgk1 is significantly upregulated in B-13 cells when treated with 

glucocorticoid, most noticeably an alternatively transcribed variant c. Transfecting B-13 cells 

with expression vectors encoding the different human SGK1 variants demonstrated that SGK1C 

and the human-specific F variant converted B-13 cells into hepatocytes without glucocorticoid 

treatment. In addition, kinase-dead (KD) mutant SGK1C and SGK1F proteins failed to induce 

expression of CYP2E1 or albumin in contrast to the wild-type equivalents.  

All these findings suggest that the kinase function of SGK1C and F isoforms are essential for 

promoting the trans-differentiation of B-13 cells to B-13/H cells 226. Thus, expression of SGK1 

was considered as a potential future route to promoting the maturation of human iPSC-derived 

hepatocytes. An adenoviral vector system was selected given that liver cells are readily infected 

by adenovirus and the human SGK1F cDNA sequence was chosen because i) the intention was 

to work with human iPSCs and it encodes a human-specific sequence; ii) previous data 

suggested it functioned in B-13 cells, which were to be used to test functionality prior to moving 

into limited iPSCs resources and iii) avoid the use of SGK1C ensured that any complications 

with endogenous Sgk1c could be avoided (i.e., it would be evident that any influence on the B-

13 cells was associated with ectopic gene expression).  
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3.2  DEX induced the conversion of B-13 into B-13/H and SGK1 induction 

B-13 cells have been observed to transdifferentiate from a pancreatic exocrine-like cell to an 

hepatocyte-like-cell (B13/H cells) in response to DEX treatment323.To examine the effect of 

DEX on the conversion of B-13 cells into B-13/H cells and the induction of SGK1, B-13 cells 

were treated with 10 nM DEX for 14 days. Changes in cells morphology were readily observed. 

The size of DEX treated B-13 cells increased and their shape changed from round spherical to 

a flattened polygonal shape indicating the change in cells phenotype (Figure 3.1).To confirm 

the trans-differentiation of the cells into hepatic phenotype, fluorescence immuno-cytochemical 

staining was used to detect the expression of the hepatocyte-specific genes, such as carbamoyl 

phosphate synthase (CpsI) cytochrome P450 (Cyp2e1) and Albumin 324.Figure 3.2 illustrates 

the marked expression of Cps1 and moderate to low expression of Cyp2e1 and Albumin 

proteins respectively. Moreover, using the standard glucocorticoid-dependent differentiation 

protocol (14 days treatment with 10nM DEX, fluorescence immunocytochemistry results 

demonstrated expression of both CpsI and Sgk1 in B-13/H cells, with higher punctate staining 

(likely due to the mitochondrial localization of CpsI) correlating with cells expressing the 

highest levels of Sgk1 protein (Figure 3.3). 

 

Figure 3.1 10 nM DEX induced morphological alterations of B-13 cells into B-13/H cells 
phenotype. B-13 cells treated with 10nMDEX for 14 days. A Photomicrograph of B-13 cells 
were taken before and after treatment with 10 nM DEX. Data are typical for several separate 
experiments.  
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Figure 3.2  10 nM DEX induced the conversion of B-13 into B-13/H. B-13 cells were treated 
with 10nM DEX for 14 days (to generate B-13/H cells) and cells fixed. The detection of 
hepatocyte markers for indicated protein expression (green) determined by 
immunocytochemistry with DAPI (blue) for identification of nuclei (upper panel). Percentage 
of B-13/H cells expressing Cps1, Cyp2e1 and albumin proteins were quantified (lower panel). 
Data are typical of 4 separate experiments. All images were taken under identical spectral 
conditions and processed identically. 
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Figure 3.3  10 nM DEX induced the conversion of B-13 into B-13/H and SGK1 induction. 
Confocal images of B-13/H cells produced via exposure to10nM DEX glucocorticoid and 
examined for the expression of CpsI and Sgk1. Data are typical of 4 separate experiments. All 
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images were taken under identical spectral conditions and processed identically.Adenovirus 
efficiently infected B-13 cells but impacted on cell viability 

To increase the likelihood that a significant proportion of cells express SGK1F, an 

adenoviral vector system was employed and to optimise the efficiency of B-13 infection with 

the adenovirus, B-13 cells were infected AdV-GFP at different multiplicity of infections 

(MOIs). B-13 and B-13/H cells were infected with MOI 0, MOI 1, MOI 5, MOI 10 and 

incubated for 24 hours. Cells were imaged by fluorescence microscopy and infected cells 

identified by means of their expression of the fluorescent GFP protein. The mean percentage of 

GFP positive cells per random fields of view were calculated. As presented in Figure 3.4 A&B 

the rate of infection was proportional to the MOI and resulted in more than 80% of B-13 and 

B-13/H cells being infected with an adenovirus encoding green fluorescent protein (AdV-GFP) 

at an MOI of 15. Trypan blue viability test was conducted to assess the B-13 and B-13/H cells 

viability post 6 days of infection with different MOIs of AdV-GFP. The percentage of cells 

excluding trypan blue dye was high in control cells or cells infected with a low MOI of 1, 

though marked toxicity was observed at MOIs of 10 and 15 in B-13 cells and MOI 15 in B-

13/H cells as demonstrated in Figure 3.5 A & B. Therefore, an MOI of 1 was chosen to infect 

cells over an extended 14 day period, with repeated infection every 2 days. As judged by GFP 

expression, the infection at an MOI of 1 resulted in moderate (~20%) infection with minimal 

toxicity, repeated infection at an MOI of 1 was employed to maximise the proportion of cells 

infected, whilst reducing toxicity (Figure 3.6). This approach was successful for roughly 10 

days but typically, significant toxicity after this time was observed, which limited the scope for 

testing the effects of SGK1F expression. 
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Figure 3.4 Infecting B-13 and B-13/H cells with AdV-GFP results in more than 80% 
infection and expression of GFP rate.  A, B-13 cells were infected with AdV-GFP at the 
indicated MOI. left panel: typical view of B-13 cells after 24 hours post infection as indicated. 
right panel: the mean percentage and SD of cells expressing GFP determined by fluorescence 
microscopy from 3 randomly selected views from the same experiment. B, B-13/H cells were 
infected with AdV-GFP at the indicated MOI. Left panel typical view of 14 days DEX treated 
B-13 cells (B-13/H) after 24 hours post infection as indicated. Right panel: mean and SD 
percentage GFP positive cells from 3 randomly selected fields of view from the same 
experiment. Data are the mean and SD of 3 determinations from the same experiment. Data 
typical of 3 separate experiments. *Significantly different infection (P < 0.05) from uninfected 
cells using one way ANOVA followed by a Tukey post hoc test. 
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Figure 3.5 Infecting B-13 and B-13/H cells with AdV-GFP impacted on cell viability. B-13 
and B-13/H cells were infected with AdV-GFP at the indicated MOI :(A) Left panel: 
photomicrographs of B-13 cells infected or treated as indicated for 6 days and stained with 
trypan blue as a marker for cell viability (excludes dye); Right panel: trypan blue exclusion; 
data are the mean and SD of 3 determinations from the same experiment. (B) Left panel, 
photomicrographs of 14 days DEX treated B-13 cells (B-13/H) infected or treated as indicated 
for 6 days and stained with trypan blue as a marker for cell viability (excludes dye); right panel: 
trypan blue exclusion. Data are the mean and SD of 3 determinations from the same experiment. 
*Significantly different trypan blue exclusion (P <0.05) from uninfected cells using oneway 
ANOVA followed by a Tukey post hoc test. Data typical of 3 separate experiments. The arrows 
in the figures indicating the dead cells (trypan blue stained). 
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Figure 3.6 Effect of repeated infection of B-13 cells with AdV-GFP at MOI 1 on the 
expression of GFP. B-13 cells were infected at an MOI of 1.0 as indicated by the arrows and 
the mean percentage and SD of cells expressing GFP determined by fluorescence microscopy 
from 3 randomly selected views. Data typical of 3 separate experiments. *Significantly different 
(P <0.05) from time zero uninfected cells using one way ANOVA followed by a Tukey post 
hoc test.  

 

 

 

 

3.4 Infection of B-13 cells with AdV-SGK1F results in expression of SGK1 kinase activity 

To determine the functionality of SGK1F expressed in B-13 cells, B-13 cells were 

infected repeatedly at an MOI 1 with AdV-SGK1F for 14 days (in the absence of DEX). Cell 
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lysates were made from day 0, 2, 4, 6 and 14 and 500ng/ml concentration of protein was 

prepared from each sample. After incubating the sample with 100 µMATP and 1mg/ml AKT 

substrate, SGK1 activity versus the times cultured with MO 1 of AdV-SGK1F was measured 

using the ADP-Glo Kinase Assay that measures ADP formed from a kinase reaction; ADP is 

converted into ATP, the levels of which are determined using light emitted by Ultra-Glo 

Luciferase. As can be seen from A, AdV-SGK1F infection resulted in detectable increases in 

Sgk1/SGK1F kinase activity. Employing fluorescence immunocytochemistry technique 

exhibited widespread increased expression of Sgk1/SGK1F in infected remaining viable cells 

(Figure 3.7B) and co-expression of CpsI with SGK1F-expressing cells (determined specifically 

using the N terminal tag sequence cloned into the protein (Figure 3.8). 
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Figure 3.7 Expression of B-13-derived Sgk1 and AdV-SGK1F in B-13 cells. A: 
SGK1F/Sgk1 kinase activity in B-13 cells infected with AdV-SGK1F. Infection with AdV-
SGK1F results in an increase in SGK1 kinase activity. B-13 cells were repeatedly infected with 
AdV-SGK1F at an MOI of 1 and SGK1 kinase activity determined in cell extracts, as outlined 
in the methods section. Data are the mean and SD of 3 replicates from the same experiment, 
typical of 3 separate experiments. *Significantly different (P <0.05) from time zero uninfected 
cells using one way ANOVA followed by a Tukey post hoc test.  B: Immunocytochemical 
detection of SGK1 expression. B-13 cells were repeatedly infected with AdV-SGK1F at an 
MOI of 1, cells fixed and Sgk1/SGK1F expression (green) determined by 
immunocytochemistry with DAPI (blue) for identification of nuclei. Data typical of 3 separate 
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experiments. All images were taken under identical spectral conditions and processed 
identically 

 

Figure 3.8 Immunocytochemical detection of CpsI and SGK1-F expression in B-13 cells. 
 B-13 cells were repeatedly infected with AdV-SGK1F using repeated infection at an MOI of 
1 for 14 days, cells fixed and the co expression of CpsI (green) and SGK1F tag (red) determined 
by immunocytochemistry with DAPI (blue) for identification of nuclei. Data typical of 3 
separate experiments. All images were taken under identical spectral conditions and processed 
identically. Panel labelled “arrow” is an expanded view of the cell identified by an arrow in 
the lower right hand panel.
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3.5 Adenoviral-mediated expression of SGK1F induces the conversion of B-13 cells into 
B-13/H cells without the addition of glucocorticoid 

To examine the effect of SGK1F, B-13 cells were infected over 8 days with AdV-SGK1F (MOI 

of 5) or a control adenovirus (AdV-null) by employing the repeated infection strategy in B-13 

cells (in the absence of DEX) to maximise infection and SGK1F expression and minimise cell 

death, although this also resulted in a degree of cell death. B-13 cells were also separately 

treated with 10nM DEX with/without AdV-SGK1F.RT- PCR using primers designed for h-

SGK1F, Cyp2e1 and CpsI. Double bands can be seen in RT-PCR  for Cps1 Figure 3.9 which 

could be due to nonspecific bands formed by the primer-template DNA binding. This 

nonspecific binding of the primer could be eliminated by increasing the annealing temperature. 

The adoption of an hepatocyte-like phenotype by B-13 cells in response to AdV-SGK1F 

infection was confirmed by detection of liver-enriched and liver-specific gene transcripts 

Cyp2e1 and CpsI respectively, similar to cells treated with DEX for (Figure 3.11A). The 

observations were further confirmed by examining protein expression by Western blotting and 

immunocytochemistry. Western blot analysis demonstrated that the expression of the 

SGK1F/Sgk1 protein was higher in cells infected with AdV-SGK1F. In addition, albumin 

protein was expressed by B-13 cells infected with AdV-SGK1F. Expression was low compared 

to the expression by B-13 cells treated with a combination of DEX and AdV-SGK1F. Cps1 

protein was clearly expressed by B-13 cells treated with a combination of DEX and AdV-

SGK1F and barely detectable by B-13 cells infected with AdV-SGK1F. However, Cyp2e1 

protein was not detected by Western blot analysis yet was expressed by B-13 cells treated with 

a combination of DEX and AdV-SGK1F (Figure 3.10). B-13 cells were repeatedly infected 

with AdV-SGK1F (MOI of 5) for 10 days or treated with 10nM DEX for 14 days (to generate 

B-13/H cells) and cells fixed immunocytochemistry was performed to  determine liver marker 

protein expression using anti-rat Cyp2e1and anti-rat CpsI (Figure 3.11). There was readily 

detectable expression for CpsI in the majority of the cells and weak expression for Cyp2e1 

hepatic markers in B-13 cells infected with AdV-SGK1F. Infection with AdV-SGK1F also 

resulted in morphological alteration of B-13 cells from small round cells with low cytoplasm 

to nucleus ratio to hepatocyte-like cells with high cytoplasmic to nuclear ratio. This change in 

cell morphology resembles the change in B-13 cells in response to DEX treatment (Figure 3.12). 

 



Chapter 3. Results  
 

92 
 

 

Figure 3.9 Infecting B-13 cells with AdV-SGK1F leads to the expression of hepatic 
markers. 
 B-13 cells were repeatedly infected with the indicated AdV before total RNA was isolated at 
day 8 and transcript expression determined by RT-PCR, as outlined in the methods 
section. Gapdh was used as a housekeeping gene. Upper panel demonstrates the bands 
separated by gel electrophoresis, which quantified using ImageJ software in the lower panel. 
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Data are typical of 3 separate experiments.

 

Figure 3.10 Infecting B-13 cells with AdV-SGK1F leads to the expression of hepatic 
markers.  Western blot analysis of protein expression. B-13 cells were repeatedly infected with 
the indicated AdV before indicated protein expression was determined by Western blotting at 
day 8. β-actin protein was used as loading control. Western blot results in the upper panel were 
quantified using ImageJ software in the lower panel. Data are typical of 3 separate experiments.  
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Figure 3.11 Immunocytochemical detection of CpsI and Cyp2e1 expression in DEX 
treated B-13 cells and AdV-SGK1F infected cell.syle B-13 cells were repeatedly infected 
with AdV-SGK1F (MOI of 5) for 10 days or treated with 10nM DEX for 14 days (to generate 
B-13/H cells) and cells fixed and indicated protein expression (green) determined by 
immunocytochemistry with DAPI (blue) for identification of nuclei (upper panel). Percentage 
of cells expression of hepatocyte proteins in response to the indicated treatment was determined 
(lower panel). Data are the mean and SD of 3 replicates from the same experiment, typical of 3 
separate experiments. All images were taken under identical spectral conditions and processed 
identically. 
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Figure 3.12 Morphology of B-13 cells after infection with AdV-SGK1F. Infecting B-13 cells 
with AdV-SGK1F leads to a morphological change into the B-13/H phenotype Light 
micrographs of B-13 cells infected with the indicated AdV (MOI of 5) or treated with 10nM 
DEX for 14 days (B-13/H cells). Ethanol vehicle-treated appears identical to AdV-null treated 
cells. Dotted squares demonstrate the area of cells magnified in the small squares.    

 

3.6 Sgk1 inhibitor and glucocorticoid receptor antagonist (Ru486) prevent the conversion 
of B-13 cells treated with 10nM DEX or AdV-SGK1F into B1-13/H   

To determine whether Sgk1 kinase activity is essential in B-13 conversion into B-13/H 

cells, B-13 cells were treated with 10nM DEX, 100nM GSK 650394 (an Sgk1 kinase inhibitor) 
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and 10μM Ru486 (glucocorticoid receptor antagonist). RNA was isolated after 7 days and it 

was established that 100nM GSK 650394 prevented the morphological change observed in 

response to DEX and inhibited DEX-dependent expression of the liver marker gene Cyp2e1 

(Figure 3.13). Figure 3.14 compares the effect of B-13 cells infected with either AdV-SGK1F 

or AdV-null (AdV-control) at an MOI 5 and treated with ethanol vehicle, DEX (10nM DEX), 

glucocorticoid receptor antagonist (10 μMRU486) or the SGK1 antagonist GSK 650394 

(100nM GSK). The cells were treated for 8 days prior to analysing hepatic marker expression 

at the protein level by way of Western blotting. Cell morphology confirms that over-expression 

of SGK1F induced a trans-differentiation of B-13 cells to B-13/H cells without the addition of 

glucocorticoid. Supporting the information obtained from RT-PCR of the previous 

experiments, only cells treated with DEX or a combination of DEX and AdV-SGK1F expressed 

the liver markers proteins albumin and Cyp2e1 as demonstrated in  Figure 3.14 (middle panel 

and lower panel). Thus, Sgk1 kinase activity appears to be important in the trans-differentiation 

process of B-13 into B-13/H cells.  
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Figure 3.13 SGK1F kinase activity is important in trans-differentiation of B-13 cells to B-
13/H cells. B-13 cells were treated with DEX, sgk1 inhibitor or glucocorticoid antagonist as 
indicated. Upper panel, light micrographs of B-13 cells after treatment with 10nM DEX and/or 
100nM SGK1 inhibitor (GSK 650394), 10 μM RU486 (glucocorticoid antagonist) in addition 
to 0.1% ethanol vehicle for 7 days. Lower panel: RT-PCR analysis for gene expression for the 
liver marker (Cyp2e1) was performed as outlined in the methods section. Total RNA was 
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isolated on day 7. Gapdh was used as a house keeping gene.  Data are typical of 3 separate 
experiments 

 .  

Figure 3.14 SGK1F kinase activity is important in trans-differentiation of B-13 cells to B-
13/H cells.  B-13 cells were infected with an adenovirus encoding the human SGK1F isoform 
(AdV-SGK1F) or a control adenovirus encoding NTCP (AdV-control) and treated with 0.1% 
ethanol vehicle, 10nM DEX, 100nM SGK1 inhibitor (GSK 650394) or 10 μM RU486 
(glucocorticoid antagonist) as indicated. Morphology was examined after 5 days. Upper panel: 
light micrographs of B-13 cells after treatment with the indicated treatment. Middle panel: 
protein expression, B-13 cells were treated with the indicated treatments before indicated 
protein expression was determined by Western blotting at day at 8. Percentages of indicated 
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proteins expression in response to the indicated treatment were quantified using ImageJ 
software (lower panel). β-actin protein was used as loading control. Data are typical of 3 
separate experiments.

3.7 B-13 conversion to B-13/H cells in response to DEX is primarily associated with 
glucocorticoid receptor activation and an induction of Sgk1 activity 

Mineralcorticoid receptors (MR) are known to regulate the induction of sgk1 in the kidney 233. 

To determine whether Sgk1 induction in B-13 cells is associated with glucocorticoid receptor 

activation in response to DEX – rather than or in association with the MR activation, B-13 cells 

were cultured in serum-free media for 1 day. RNA at time zero sample was isolated. 

Subsequently, B-13 cells were treated with ascending gradients of DEX and 

mineralocorticoid hormone; aldosterone (ALD) (1nM 10 nM 100 nM). After 3 days, RNA was 

isolated and a concentration of 500ng/ml of protein was prepared from cells lysate from each 

treatment. Primers for the detection of rat Sgk1 transcript isoforms were designed (sgk1a, 

sgk1b, sgk1x2) including a recently identified Sgk1 -like sequence (LOC). RT-PCR results 

confirmed that sgk1a, sgk1b, sgk1c are all induced in B-13 cells treated with 100nM DEX, 

sgk1x2 was expressed constitutively and induced in cells treated with DEX.   

There was no expression of the liver marker Cyp2e1 which could be explained by the limited 

exposure time and low level of Sgk1c expression at this stage. However, in ALD treated cells, 

only Sgk1a was induced in B-13 cells treated with 10nM ALD. Similarly, Cyp2e1 expression 

was not detected (Figure 3.15). In addition, Sgk1 kinase activity was examined. SGK1 activity 

versus ascending gradient of DEX and ALD was measured using the ADP-Glo Kinase Assay 

that measures ADP formed from a kinase reaction; ADP. The luminescent signal showed a 

significant difference between ethanol vehicle-treated cells and cells treated with different 

gradients of DEX and ALD, however, the signal does not correlate with sgk1 isoform 

expression detected by RT-PCR, which might be due to the non-specificity of this assay to 

detect the phosphorylation produced by Sgk1, as it might detect phosphorylation resulting from 

the action of other kinases in the cells (Figure 3.16). Furthermore, an additional experiment was 

performed to assess the effect of DEX and ALD on B-13 conversion into B-13/H cells. B-13 

cells were treated with an ascending gradient of DEX and ALD (1nM ,10nnM, 100nM) for 14 

days. Proteins were isolated for Western blotting for liver markers (Cyp2e1, Cps1). The results 

demonstrate that only DEX converted B-13 into B-13/H cells (Figure 3.17 upper panel). 

However, a limited number of cells treated with 100nM ALD morphologically revealed the 

hepatocyte-like phenotype. This may be associated with the high concentration of ALD and 

activation of the GR ( Figure 3.17 lower panel). These observations suggest that SGK1a induced 

https://en.wikipedia.org/wiki/Mineralocorticoid
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by both DEX and ALD is not involved in the trans-differentiating process of B-13 into B1-13/H 

cells as only DEX resulted in B-13 conversion  into B1-13/H. 

 

Figure 3.15 Conversion of B-13 to B-13/H cells is associated with an induction of Sgk1 
kinase activity. RT-PCR for the indicated transcripts. B-13 cells were treated with serum free 
media for 24 h, then treated with the indicated concentration of DEX (left panel), ALD (right 
panel) or ethanol control vehicle for 3 days as outlined in the methods section. Gapdh was used 
as a house keeping gene. 

 Table 3.1 RT-PCR summary of results for Sgk1 isoforms expression in B-13 cells, DEX 
and ALD treated B-13 cells 
 

B13 

control 

DEX ALD Rat liver 

Sgk1a n/d 
  

Detectable 

Sgk1b n/d 
 

n/a n/d 

Sgk1c n/d 
 

n/a n/d 

Sgk like (loc) low transient n/a detectable 

Sgk1 x2 low (GR) transient detectable 
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Weak MR (GR &MR) 

n/d= not detectable, n/a= no or weak effect 
 

 

Figure 3.16 DEX and ALD treatment is associated with an induction of Sgk1 kinase 
activity in B-13 and B-13/H. Skg1 kinase activities in B-13 cells treated for 3 days with the 
indicated concentration of DEX or ALD. Data are the mean and SD of 3 separate determinations 
from the same experiment. *Significantly different (P <0.05) from ethanol vehicle treated cells 
using oneway ANOVA followed by a Tukey post hoc test. 
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Figure 3.17 Conversion of B-13 to B-13/H cells is associated with an induction of Sgk1 
kinase activity.  C: Western blot for the indicated proteins after treatment for 14 days with the 
indicated concentration of DEX or ALD (20 µg protein/lane). β-actin protein was used as 
loading control (upper panel). The data are typical of 3 separate experiments. Lower panel: 
photomicrographs of cells treated as indicated, typical of at least 3 separate experiments.
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3.8 Treating B-13 cells with different growth factors has no effect on Sgk1 expression and 
B-13 cells conversion into B-13/H cells 

Given that some growth factors induce Skg1, one might expect growth factors could 

replace DEX – and therefore potentially turn B-13 cells into B-13/H cells. To test this possible 

effect, B-13 cells were cultured in serum-free media for 24 h to synchronise the cells. RNA 

from time zero sample was isolated. Cells were then treated for 3 days with: 0.0 % (v/v) FCS 

as the negative control: 1% (v/v) FCS, 5% (v/v) FCS, 10% (v/v) FCS, 5% (v/v) FCS+10ng/ml 

epidermal growth factor (EGF), a growth factor that acts a potent mitogenic factor for B-13 

cells (Probert et al., 2014) and 5% (v/v) FCS + 30ng/ml OSM, an interleukin-6 family cytokine, 

which has been found - in combination with glucocorticoid – to promote the maturation of stem 

cell derived-hepatocytes 325. Morphologically, growth factors did not change cells to 

hepatocyte-like cells. Interestingly, OSM has shown an impact on B-13 cells size (Figure 3.18 

left panel). Moreover, increasing the FCS concentration resulted in an increase in B-13 cell 

replication (Figure 3.18 left panel), the increase in replication was determined visually by an 

apparent increase in cell number, but was not quantified. RT-PCR results did not detect any 

Sgk1 isoforms expression (Figure 3.18 right panel). Treating B-13 cells with 10ng/ml EGF and 

30ng/ml OSM for 14 days did not results in B-13 cell conversion into B-13/H cell as shown in 

RT-PCR results (Figure 3.19), there is no expression of liver markers genes (albumin and 

cyp2e1).  
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Figure 3.18 Treating B-13 cells with different growth factors has no effect on Sgk1 
induction.  B-13 cells were treated with serum free media for 24 h, then treated with 0.0 % 
(v/v) FCS as the negative control: 1% (v/v) FCS, 5% (v/v) FCS, 10% (v/v) FCS, 5% (v/v) 
FCS+10ng/ml EGF and 5% (v/v) FCS + 30ng/ml OSM. A: photomicrographs of cells treated 
as indicated. B: RT-PCR for the indicated transcripts and a summary table for the results. 
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Table 3.2 RT-PCR summary of results for Sgk1 isoforms expression in B-13 cells treated 
with serum free and different growth factors. 

 
10%FCS 

control 

SF FCS OSM EGF Rat liver 

Sgk1a n/a n/a n/a n/a n/a Detectable 

Sgk1b n/a n/a n/a n/a n/a n/a 

Sgk1c n/a n/a n/a n/a n/a Detectable 

Sgk like (loc) n/a n/a n/a n/a n/a detectable 

Sgk1 x2 n/a n/a n/a n/a n/a detectable 

n/d= not detectable, n/a= no or weak effect 
 

 

Figure 3.19 Treating B-13 cells with different growth factors has no effect on B-13 
conversion into B-13/H.  C: B-13 cells were treated with 10ng/ml EGF, 30ng/ml OSM for 14 
days: RNA was isolated, and RT-PCR was performed for the detection of liver marker genes 
(Albumin and Cyp2e1). Data are typical of 3 separate experiments.
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3.9 Chapter discussion  

The transdifferentiation of B-13 cells into B-13/H cells after 14 days of exposure to DEX results 

in qualitative and quantitative similar gene expression similar to that of primary hepatocytes197. 

Understanding the mechanism(s) controlling the conversion/trans-differentiation of B-13 cells 

to B-13/H cells could be used to stimulate/maintain differentiation phenotype in stem cell-

derived specialised cells. The data in this chapter demonstrate that adenoviral-mediated SGK1F 

expression in B-13 cells induces their differentiation into B-13/H cells similar to their response 

to exposure to glucocorticoid. The mechanisms involved in B13 cell transdifferentiation into 

B13/H cells still requires further investigation. The rat Sgk1 gene is currently known to encode 

3 validated mRNA transcripts and possibly 1 further transcript [NCBI database, see also Table 

3.3 . and appendix B]. All 4 transcripts encode an identical core amino acid sequence and differ 

only in their N terminal amino acid sequences. It is not known whether the Sgk1 isoforms have 

different functions, however, only the rat Sgk1c transcript appears to be irreversibly induced in 

B-13 cells after exposure to glucocorticoid 326. This suggests that endogenous Sgk1c may be 

responsible for its differentiating effects in B-13 cells. This is supported by the high expression 

of the murine orthologue in pancreatic tissue from mice with high circulating endogenous 

glucocorticoids (these mice experience a conversion of the pancreatic exocrine tissue into 

hepatocyte-like cells 231.  

Wallace et al. (2011), used the plasmid transfection technique to direct the expression of a series 

of human SGK1 expression constructs. Their data demonstrated that expression of either the 

human SGK1C (orthologous to the c form in rat) or SGK1F (which has no orthologue in the rat) 

isoforms alone resulting in transdifferentiation of B-13 cells. In another experiment, it was 

found that kinase-dead (KD) mutants of SGK1C and SGK1F proteins failed to inhibit Tcf/Lef 

transcriptional function or induce expression of CYP2E1 or albumin in comparison to the wild-

type parallels 226. These findings suggest that the kinase function of SGK1C and SGK1F is 

essential for promoting B-13 transdifferentiation, Based on this, the cDNA for this transcript 

was cloned into a replication-deficient adenoviral genome. The rationale for focusing on 

SGK1F was also driven by the knowledge that the pancreas from a patient treated for many 

decades with systemic glucocorticoid experienced a degree of hepatic differentiation and also 

contained high levels of SGK1F mRNA transcripts 227. 

In this approach, replication-deficient recombinant adenoviruses were used to introduce the 

genetic material (SGK1F) into B-13 cells. There are numerous advantages to using adenovirus 

to insert genetic material into host cells. These viruses can be used to infect many mammalian 
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cell types. Moreover, recombinant adenoviruses can also be used to infect various sensitive 

cells with low MOI and to obtain a high proportion of infected cells 307. Adenovirus vector 

genomes carrying gene of interest constructs can mediate homologous recombination with 

target loci in a cellular genome at efficiencies 103–104-fold higher than plasmid constructs 327. 

The efficiency of B-13 infection with the adenovirus was optimised. B-13 cells were found to 

be readily infectable with AdV-GFP, but marked toxicity was observed at MOIs of 10 and 15. 

Therefore, an MOI 1 was chosen to infect cells over an extended 14 day period, with repeated 

infection every two days or MOI 5 for the shorter period (8 days with repeated infection every 

two days). AdV-SGK1F overexpression was used to investigate the role of SGK1 in B-13 trans-

differentiation to B-13/H cells. MOI 5 was used every two days to maximise infection and 

expression, although this also resulted in a degree of cell death. Due to this, cells infected with 

MOI 5 were not cultured after the initial infection for more than eight days. However, B-13 cell 

transdifferentiation to B-13/H cells was seen morphologically and was detected by RT-PCR for 

the expression of liver transcript marker genes such as Cyp2e1 and Cps1.  

Western blot detection of SGK1F/Sgk1 protein expression demonstrated that SGK1F/Sgk1 

protein was higher in cells treated with AdV-SGK1F. Additionally, albumin protein was 

expressed by B-13 cells infected with AdV-SGK1F. Expression was low compared to the 

expression by B-13 cells treated with a combination of DEX and AdV-SGK1F. Cps1 protein 

was clearly expressed by B-13 cells treated with a combination of DEX and AdV-SGK1F and 

barely detectable by B-13 cells infected with AdV-SGK1F. However, the Cyp2e1 protein was 

not yet detected by Western blot analysis and it was expressed by B-13 cells treated with a 

combination of DEX and AdV-SGK1F. Furthermore, 100nM GSK 650394 (an Sgk1 kinase 

inhibitor), which has never been tested before, was used to examine whether Sgk1 kinase 

activity is important in B-13 conversion into B-13/H cells. It was observed that 100nM GSK 

650394 prevented the morphological change observed in response to DEX and inhibited DEX-

dependent expression of the liver marker Cyp2e1. Supporting this information, only cells 

treated with DEX or a combination of DEX and AdV-SGK1F expressed the liver markers 

proteins albumin and Cyp2e1. Thus, Sgk1 kinase activity appears to be important in the trans-

differentiation process of B-13 into B-13/H cells. 

The RT-PCR results for different Sgk1 transcripts showed that Sgk1a, Sgk1b and Sgk1c 

isoforms are expressed by cells treated with 100nM DEX. In comparison to ALD treated cells, 

only Sgk1a was expressed by B-13 cells treated with 10nM ALD. In both treatments, Cyp2e1 

expression was not detected, which could be explained by the low Sgk1 level at this stage (3 

days). Sgk1 kinase activity from the same DEX and ALD treated cells, which has never been 
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examined, was measured. The luminescent signal exhibited a significant difference between 

ethanol vehicle-treated cells and cells treated with different gradients of DEX and ALD. 

However, the signal does not correlate with Sgk1 isoform expression detected by RT-PCR, 

which might be due to non-specificity of this assay to detect the phosphorylation produced by 

Sgk1 only, it might detect phosphorylation by other kinases in the cells.  Another possible 

reason is that the sgk1 transcription to mRNA had occurred but significant translation to 

protein had not occurred at the time of sampling.  

 The effect of 14 days treatment of DEX or ALD on B-13 conversion into B-13/H cells 

was assessed by WB analysis. The results demonstrate that only DEX converted B-13 into B-

13/H cells. However, few numbers of cells treated with 100nM ALD, morphologically show 

the hepatocyte-like phenotype. That might be caused by using a high concentration of ALD 

which might result in the activation of the GR. These observations suggest that Sgk1a induced 

by both DEX and ALD is not involved in the trans-differentiating process of B-13 into B1-13/H 

cells and indicates the involvement of Sgk1c. Synchronised B13 cells were treated with different 

growth factors, such as serial concentrations of FCS, EGF and OSM to investigate their effect 

on Sgk1 induction and B-13 conversion to B-13/H cells. RT-PCR results did not detect any 

Sgk1 isoform expression. The data also revealed the failure of the natural MR agonist ALD to 

convert B-13 cells into B-13/H cells except with a very high concentration (100nМ ALD). 

These data support the idea that the effect of DEX on transdifferentiation are mediated  

primarily through the GR 226.  

The data in this chapter show that B13 cells are readily infected with adenovirus.  

However, marked toxicity was observed with high MOIs. The data also suggest that Sgk1 

activity is crucial in B13 conversion into B-13/H cells following DEX treatment. The data also 

demonstrated that adenoviral-mediated SGK1F expression in B-13 cells induces their 

differentiation into B-13/H cells, similar to their response to exposure to glucocorticoid. 

Accordingly, SGK1F is implicated in the transdifferentiation of B-13 cells into B-13/H 

hepatocyte-like cells. Further investigation is essential to understand the mechanism of B-13 

conversion into B-13/H and how Sgk1 is involved in the process, as this could offer an insight 

into potential ways to manipulate stem cells differentiation to generate hepatocytes in vitro for 

a wide range of uses, from toxicological screening to hepatocytes transplantation.



 

  

Table 3.3 Rat and human Sgk1 proteins.  Underlined sequence, flag sequence. For raw sequence data Appendix B. 

 

Rat  Human 

Transcript NCBI # N terminal amino acid 
sequence encoded 

 

(total amino acids in 
protein; theoretical 
molecular weight) 

Trivial 
name 

 Transcript NCBI # N terminal amino acid 
sequence encoded  

 

(total amino acids in 
protein; theoretical 
molecular weight) 

Trivial 
name 

Sgk1 
isoform 1 

NM_00119
3568 

MGEMQGALARARLES
LLRPRHKKRVEAQKRS
ESVLLSGL 

 

(445; 50627 Da) 

Sgk1b  SGK1 
isoform 4 

NM_00114
3678 

MGEMQGALARARLES
LLRPRHKKRAEAQKRS
ESFLLSGL 

 

(445; 50623 Da) 

 

SGK1B 

Sgk1 
isoform 2 

NM_00119
3569 

MREEALRSPWK  

 

(417; 47626 Da) 

Sgk1c      

Sgk1 
isoform 3 

NM_01923
2 

MTVKTEAARSTLTYSR
MRGMVAILI  

 

(431; 49024 Da) 

Sgk1a  SGK1 
isoform 1 

NM_00562
7 

MTVKTEAAKGTLTYSR
MRGMVAILI 

 

(431; 48942 Da) 

 

SGK1A 

109 



 

  

Rat  Human 

Transcript NCBI # N terminal amino acid 
sequence encoded 

 

(total amino acids in 
protein; theoretical 
molecular weight) 

Trivial 
name 

 Transcript NCBI # N terminal amino acid 
sequence encoded  

 

(total amino acids in 
protein; theoretical 
molecular weight) 

Trivial 
name 

     SGK1 
isoform 5 

NM_00129
1995 

MTVKTEAAKGTLTYSR
MRGMVAILI 

 

(387; 43811 Da) 

 

 

Sgk1 
isoform X1 

XM_00622
7723 

MVNKDMNGFPVKKCS
AFQFFKKRVRRWIKSP
MVSVDKHQSPNLKYT
GPAGVHLPPGEPDFEP
ALCQSCLGDHTFQRGM
LSPEESRSWEIQPGGEV
KEPCNHANILTKPDPRT
FWTSDDP  

                                                                                                                                                                                                                                                                                   
(525; 59721 Da) 

  SGK1 
isoform 2 

NM_00114
3676 

MVNKDMNGFPVKKCS
AFQFFKKRVRRWIKSP
MVSVDKHQSPSLKYTG
SSMVHIPPGEPDFESSL
CQTCLGEHAFQRGVLP
QENESCSWETQSGCEV
REPCNHANILTKPDPRT
FWTNDDP 

 

(526; 59903 Da) 

 

SGK1D 

     SGK1 
isoform 3 

NM_00114
3677 

MSSQSSSLSEACSREAY
SSHNWALPPASRSNPP

SGK1C 

110 



 

  

Rat  Human 

Transcript NCBI # N terminal amino acid 
sequence encoded 

 

(total amino acids in 
protein; theoretical 
molecular weight) 

Trivial 
name 

 Transcript NCBI # N terminal amino acid 
sequence encoded  

 

(total amino acids in 
protein; theoretical 
molecular weight) 

Trivial 
name 

AYPWATRRMKEEAIKP
PLK 

 

(459; 52119 Da) 

 

     - GenBank: 
CAR58098.
1 

MKPSKRFFISPPSST 

 

(421; 47910 Da) 

 

SGK1F 

     - - MDYKDDDDKKPSKRF
FISPPSST 

 

(429; 48905 Da) 

AdV-
encode
d 
SGK1F 

111 
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 Investigating if SGK1F expression is upstream of β-catenin 
phosphorylation and WNT signalling changes in B-13 cells 

4.1 Introduction 

   WNT signalling is known to be involved in liver development 328,329,330,331 and also to regulate 

zonal hepatocyte gene expression in the adult liver 332. High glucocorticoid levels lead to the 

conversion of B-13 cells onto B-13/H cells as a result of a process that involves the transient 

repression of WNT signalling upstream of the induction of C/EBP-β 218.  However, the 

mechanism by which glucocorticoid mediates WNT signalling repression is obscure. An earlier 

study revealed that B-13 transdifferentiation is mediated via the glucocorticoid receptor and not 

the mineralocorticoid receptor 227. In addition, microarray data has indicated that the 

transdifferentiation of B-13 cells into B-13/H cells results in a significant (>100-fold) increase 

in Sgk1 mRNA transcripts in B-13/H cells. In contrast, few changes were detected in the 

expression levels of mRNAs encoding other components of the WNT and PI3K signalling 

pathways 197.  

Initial work by Wallace et al. (2011) has demonstrated that β-catenin phosphorylation and 

reductions in the levels of β-catenin are early upstream events in relation to C/EBP-β induction 

and B-13 transdifferentiation to B13/H cells. When the effects of SGK1C, SGK1F or SGK1A 

(as a control) transfection on β -catenin was examined, it was found that SGK1C and SGK1F 

expression resulted in phosphorylation of β-catenin and reduced levels of total β-catenin, while 

the SGK1A isoform had no influence. In the same study-, they demonstrated that purified 

recombinant SGK1 was incubated with purified recombinant β-catenin and that 

phosphorylation was examined by Western blotting. β - catenin phosphorylation only occurred 

when SGK1 and ATP were present which determined that SGK1 could directly phosphorylate 

β- catenin 226.  

For a better understanding, the mechanism(s) regulating the conversion/trans-differentiation of 

B-13 cells to B-13/H cells and whether Sgk1c/F cross-talks with the WNT signalling pathway 

based on distal Tcf/Lef transcriptional activity, Tcf/Lef-dependent luciferase expression 

(Topflash) was used to examine the effect of DEX and AdV-SGK1F expression on WNT 

signalling activity. Also in this approach, Western blot analysis was used to investigate if DEX 

and SGK1F are upstream of β-catenin phosphorylation in B-13 cells. 
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4.2 Trans-differentiation of B-13 cells into B-13/H cells is associated with a repression of 
WNT signalling based on a repression in Tcf/Lef transcriptional Activity.  

    To determine whether treatment of B-13 cells with DEX results in WNT signalling 

repression, the influence on Tcf/Lef transcriptional activity was examined. B-13 cells were 

treated with DEX (10 nM and 100 nM), 50 μM WNT antagonist (quercetin), ethanol and DMSO 

as vehicle controls and transfected with TCF-TK promoter construct (T cell factor reporter 

[TOPFLASH] plasmid and renilla reporter plasmid RL-TK in the 6:1 ratio. Additionally, B-13 

cells were also transfected with a control vector (FOPFLASH) containing identical sequences 

except for the concatamer of Tcf/Lef binding response elements and RL-TK construct in the 

6:1 ratio as a plasmid negative control. After 24 hours, cells were harvested and luciferase and 

renilla activities determined. Figure 4.1 shows that treatment with 10nM DEX significantly 

suppressed WNT signalling based on reduced relative TopFlash luciferase activity (~50% of 

constitutive level) reflected in B-13 cells treated with 10nM DEX in comparison to ethanol 

vehicle-treated cells (p value= 0.009). Moreover, increasing concentration to 100 nM DEX led 

to more repression in WNT signalling with p-value = 0.001 in comparison to ethanol control. 

Treatment of 50 μM quercetin suppressed ~70% of basal TopFlash luciferase activity, p-value 

=0.003 in comparison to DMSO control.  
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Figure 4.1 Treatment of B-13 cells with DEX repressed WNT signalling and Tcf/Lef 
transcriptional activity.  B-13 cells were seeded in 24 well plates at a density of 50,000 
cells/well for 24 hours. Then, cells were treated with the following treatments: DEX (10 nM 
and 100 nM), which were added to the medium from a 1000-fold concentrated stock in ethanol. 
Ethanol treatment as a control 50 μM WNT antagonist (quercetin) was added to the medium 
from a 1000-fold concentrated stock in DMSO. DMSO treatment as control was 0.1% (v/v) 
DMSO, B-13 cells with DMEM only. 48 hours later, all treated cells were transfected with 
TCF-TK promoter construct (T cell factor reporter plasmid TOPFLASH) and renilla reporter 
plasmid RL-TK in the 6:1 ratio. B-13 cell without DEX treated with mutated copy of TCF 
(FOPFLASH) and RL-TK construct in the 6:1 ratio as a plasmid negative control. After 24 
hours, cells were harvested, and dual luciferase assay was carried. Data are the mean and 
standard deviation of six replicates from the same experiment. Significantly different (P<0.05) 
using one way ANOVA (Dunnet test). Similar results were obtained in three independent 
experiments. 
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4.3 Treatment of B-13 cells with DEX resulted in β -catenin depletion and 
phosphorylation.  

In order to confirm the inhibitory effect of DEX on the WNT/β-catenin signalling pathway as 

observed by luciferase assay and to investigate DEX treatment upstream of β-catenin 

phosphorylation, the stability of β-catenin was examined. B-13 cells were treated with 10nM 

DEX, 100nM DEX, 50 µM WNT antagonist (tcf/lef inhibitor) for 14 days. Protein extracts were 

isolated and protein assay was performed. Western blotting analysis was performed for 

phosphorylated β-catenin, total beta-catenin and β-actin. The results showed that there was a 

depletion of total β-catenin levels in cells treated with DEX and WNT antagonist compared to 

B-13 cells treated with the ethanol vehicle only. Ser33- and Ser37- phosphorylated β-catenin 

was detected in B-13 cells treated with 10nM and robust expression of phosphorylated β-catenin 

was detected in 100nM DEX treated cells (Figure 4.2). To examine the effect of DEX on β-

catenin phosphorylation and total β-catenin level in a time less than 14 days (which has never 

been investigated), B-13 cells were treated with 10nM DEX  and 0.1% ethanol vehicle for 10 

days only. Western blot analysis showed that Ser33- and Ser37- phosphorylated β-catenin was 

detected in B-13 cells treated with 0.1% ethanol vehicle and 10nM DEX. However, there is no 

complete loss of total beta-catenin protein compared to the complete loss of total beta-catenin 

protein in B-13 treated for 14 days with DEX (Figure 4.3). 
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Figure 4.2Treatment of B-13 cells with DEX upstream for beta-catenin depletion and 
phosphorylation. Cells were treated for 14 days with the indicated treatments: 0.1% ethanol, 
DEX (10 nM,100nM) and quercetin (50 µM). Total cell lysates were collected and subjected to 
western blotting to analyse the stability of β-catenin protein and β-catenin phosphorylation, 
while β-actin was measured as the loading control (upper panel). The proteins expression level 
were quantified using ImageJ software in the lower panel. All data typical of at least three 
separate experiments. 
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Figure 4.3 Treatment of B-13 cells with DEX upstream for beta-catenin depletion and 
phosphorylation. Cells were treated for 10 days with indicated treatment: 0.1% ethanol and 
10nMDEX. Western blots were performed for the indicated protein at the indicated time of 
culture to analyse the stability of β-catenin protein and β-catenin phosphorylation, while β-actin 
was measured as the loading control. All data typical of at least three separate experiments.
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4.4 Trans-differentiation of B-13 cells into B- 13/H cells is dependent on glucocorticoid 
interaction with the glucocorticoid receptor 

To confirm that the GR is involved in changes in WNT signalling, B-13 cells were treated with 

100nM DEX, 10μM RU486 (GR antagonist), 100nM DEX + 10μM RU486 and ethanol as a 

control. 48 hours later, cells were transfected with the TOPFLASH construct (and renilla 

reporter plasmid RL-TK in 6:1 ratio) or FOPFLASH (and RL-TK construct in 6:1 ratio, used 

as a plasmid negative control). After 24 hours, cells were harvested, and a dual luciferase assay 

was carried out. Figure 4.4 demonstrates that treating cells with 100nM DEX resulted in WNT 

signalling reduction with p-value =0.008. However, adding RU486 (GR antagonist) to 100nM 

DEX led to non-significant difference in WNT signalling when compared to DEX treated cells 

with p value= 0.719. Surprisingly, RU486-only treated cells showed markedly decreased WNT 

signalling with P value=0.008. The reduction in WNT signalling in B-13 cells treated with 

RU486 only, could be due to activation of other nuclear receptors contacted by RU486. 

To determine whether other nuclear receptors known to be contacted by RU486 are responsible 

for the suppression of WNT activity in B-13 cells when treated with RU486, the potential role 

of the progesterone receptor (Pgr) and pregnane x receptor (PXR) were examined. RT-PCR 

was first performed to determine whether they are expressed. The data in Figure 4.5 (upper 

panel) exclude a role for PXR as it is expressed by B-13/H cells only. However, Pgr was found 

to be expressed in both B-13 and B-13/H cells Figure 4.5 (middle and lower panel). Further 

investigations were conducted to examine if progesterone exposure would convert B-13 into B-

13/H cells. B-13 cells were treated with different concentrations of progesterone (10nM,100nM 

and1µM) and 10nM DEX for 14 days. Photomicrographs were taken and RT-PCR performed 

for the liver marker Cyp2e1. The results in Figure 4.6 show that progesterone exposure did not 

convert B-13 into B-13/H cells. According to the cell morphology, there is no morphological 

phenotype change in B-13 cells treated with progesterone and RT-PCR results showed that 

treatment of cells with progesterone (10nM,100nM and1µM) failed to induce liver marker gene 

Cyp2e1. 
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Figure 4.4 Treatment of B-13 with DEX and glucocorticoid antagonist (RU486) increased 
WNT signalling and Tcf/Lef transcriptional activity in comparison to DEX treated cells. 
B-13 cells were seeded in 24 well plates with a density of 30,000 cells/well for 24 hours. Then, 
cells were treated with the following treatments: 100 nM DEX, which was added to the medium 
from a 1000-fold concentrated stock in ethanol. 0.1% (v/v) ethanol as a control, 10 μM RU486 
(GR antagonist) was added to the medium from a 1000-fold concentrated stock in ethanol, 100 
nM DEX+ 10 μM RU486 and DMDEM only. 48 hours later, all treated cells transfected with 
TCF-TK promoter construct (T cell factor reporter plasmid TOPFLASH ) and renilla reporter 
plasmid RL-TK in the 6:1 ratio, except B-13 cell with DMEM medium only treated with a 
mutated copy of TCF (FOPFLASH) and RL-TK construct in the 6:1 ratio as a plasmid negative 
control. After 24 hours cells were harvested, and dual luciferase assay was carried out. Data are 
the mean and standard deviation of six replicates from the same experiment. Significantly 
different (P<0.05) using one way ANOVA (Dunnet test).  
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Figure 4.5 Several other nuclear receptors bind glucocorticoids. To define if there are other 
nuclear receptors that might react, glucocorticoids rather than GR: B-13 cells were treated with 
10 nM DEX for 9 days, and RNA was isolated from B-13/H, B-13 and cell extracts from rat 
liver and ovary tissues were used as controls. RT-PCR was performed for r- PXR ( upper 
panel)and r –Pgr (middle panel ). RT-PCR results for Pgr were quantified using ImageJ 
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software, Gapdh was used as a loading control. All data typical of at least three separate 
experiments. 

 

Figure 4.6 Trans-differentiation of B-13 cells into B- 13/H cells is dependent on 
glucocorticoid interaction with the glucocorticoid receptor. B-13 cells were treated with 
different concentrations of progesterone (10nM,100nM,1µM) and 10nM DEX for 14 days. 
Photomicrograph pictures (upper panel) and RT-PCR for the liver marker cyp2e1(lower panel), 
Gapdh was used as a loading control. All data typical of at least three separate experiments. 
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4.5 Treatment of B-13 with DEX and SGK1 inhibitor did not increase WNT signalling in 
comparison to DEX-treated cells 

To determine whether SGK1 kinase activity is involved in the regulation of WNT 

signalling in B-13 cells, B-13 cells were seeded in 24 well plates with a density of 2500 

cells/well for 72 hours. Then, cells were treated with the following treatments: 10nM DEX was 

added to the medium from a 1000- fold concentrated stock in ethanol, ethanol treatment as a 

control and 500nM SGK1 inhibitor (GSK 650394) was added to the medium from a 1000-fold 

concentrated stock in DMSO, 10nM DEX + 500nM SGK1 inhibitor. 48 hours later, cells were 

transfected with TOPFLASH (and renilla reporter plasmid RL-TK in the 6:1 ratio) or 

FOPFLASH (and RL-TK construct in the 6:1 ratio as a plasmid negative control). After 24 

hours, cells were harvested, and dual luciferase assay was carried out. Figure 4.7 shows that 

treating cells with 10nM DEX reduced the WNT signalling with p-value = 0.01 when compared 

to ethanol vehicle control treated cells. Treating cells with a combination of 10nM DEX and 

500nM SGK1 inhibitor has not significantly increased the signal when compared to10nM DEX 

treated cells (p-value 0.966). Likewise, there was no significant difference when compared to 

DMSO treated cells. 
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Figure 4.7 Treatment of B-13 cells  with DEX and SGK1 inhibitor (GSK 650394 ) did not 
increase WNT signalling in comparison to DEX-treated cells.  B13 cells were seeded in a 
24 well plate with a density of 2500 cells/well for 72 hours. Then, cells were treated with the 
following treatments: 10nM DEX, which was added to the medium from a 1000-fold 
concentrated stock in ethanol. Ethanol treatment as a control. 500nM SGK1 inhibitor (GSK 
650394) which was added to the medium from a 1000-fold concentrated stock in DMSO. 10nM 
DEX+ 500nM SGK1 inhibitor. 48 hours later, cells were transfected with TCF-TK promoter 
construct (T cell factor reporter plasmid TOPFLASH) and renilla reporter plasmid RL-TK in 
the 6:1 ratio, b13 cell treated with DMEM medium only were transfected with a mutated copy 
of TCF (FOPFLASH) and RL-TK  construct in the 6:1 ratio as  a plasmid negative control. 
After 24 hours cells were harvested, and dual luciferase assay was carried out. Data are the 
mean and standard deviation of six replicates from the same experiment. Significantly different 
(P<0.05). Using the one way ANOVA (Dunnet test). All data typical of at least three separate 
experiments. 
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4.6 Over-expression of SGK1F repressed WNT signalling and resulted in β-catenin 
phosphorylation  

To further test the role of Sgk1 kinase activity in B-13 cells and WNT signalling, B-13 cells 

were infected with AdV-SGK1F and the effects on WNT signalling examined using 

TOPFLASH and FOPFLASH. B-13 cells were transfected with either TOPFLASH or 

FOPFLASH, both with RL-TK to normalise for transfection efficiencies. After 24 hours, cells 

were then infected with either AdV-SGK1F or AdV-GFP (as control) at an MOI of 5. After a 

further 24 hours, luciferase and renilla activities were determined. Figure 4.8 shows that 

infection of B-13 cells with AdV-SGK1F resulted in suppression of WNT signalling activity 

.Moreover, to investigate if SGK1F overexpression resulted in β-catenin phosphorylation, B-

13 cells were infected every 2 days with AdV-SGK1F (MOI 5) or the control AdVs (AdV-GFP, 

AdV-null) at an MOI of 5 over a 4 day period. Protein was isolated from each treatment after 4 

days, and protein assay was performed. Western blot analysis was performed using 20µg 

protein/lane of protein for β -catenin phosphorylated, total β-catenin and the β-actin as a loading 

control. The results in Figure 4.9 clearly reveal that infection of B-13 cells  with AdV-SGK1F 

resulted in changes in the ratio of β-catenin/phosphorylated-β-catenin, however the total β-

catenin was still detectable in AdV-SGK1F infected cells. In contrast, phosphorylated β-catenin 

was undetectable in B-13 cells infected with AdV-GFP or AdV-null.  
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Figure 4.8 Infecting B-13 cells with AdV-SGK1F leads to reduction in Tcf/Lef (WNT 
signalling) transcriptional activity.  B-13 cells were transfected with a mixture of the 
indicated reporter gene constructs as indicated. After 24 hours, cells were then infected with 
the indicated AdV at an MOI of 5. After a further 24 hours, cells were lysed and the levels of 
luciferase and renilla determined, as outlined in the methods section. Data are the mean and SD 
of 5 separate determinations from the same experiment, typical of 3 separate experiments. 
Significantly different (p < 0.05) normalized luciferase activity versus (*) Foplash or (#) AdV-
GFP infected cells using the Student’s T test (two tailed).  
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Figure 4.9 Phosphorylation of β-catenin in B-13 cells in response to AdV-SGK1F infection.  
B-13 cells were repeatedly infected with AdV-SGK1F or the control AdVs (AdV-GFP, AdV-
null) at an MOI of 5 over a 4 day period before expression levels of the indicated proteins were 
determined by Western blot (20µg cell protein/lane), β-actin was used as a loading control. Data 
typical of 3 separate experiments
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4.7 Chapter discussion 

WNT signalling is a passive signalling pathway in adult liver tissue and regulates the 

expression of several genes in the liver 332. The WNT signalling concentration gradient is high 

in centrilobular regions and low in periportal regions. Additionally, WNT up-regulates genes 

such as glutamine synthetase (Gs); Idh3a isocitrate dehydrogenase 3a; Dlat dihydrolipoamide. 

S-acetyltransferase and Gstm glutathione S-transferase mu, cyp1a2 and cyp2e1. Genes down-

regulated by WNT signalling include Cps1 and arginase 1 (Arg1), Phosphoenolpyruvate 

carboxykinase 1  (pck1), fructose bisphosphatase (FBPase), Cytochrome P450 2F 2(Cyp2f2) 

and sulfotransferase  (Sult5a1)91. Wallace et al. (2010), demonstrated that B-13 cells express 

the WNT3a protein and have high WNT signalling activity. Treatment with DEX caused a 

temporary loss of WNT3a expression, which was linked to a reduction in WNT signalling 

activity and the subsequent transdifferentiation of B-13 cells into hepatocyte-like B-13/H cells. 

Their data suggested that suppression of WNT signalling by glucocorticoid is a vital mechanism 

controlling B-13 transdifferentiation, furthermore, knockdown of the intracellular WNT 

messenger protein β-catenin replaced DEX and also generated rapid transdifferentiation 218.  

The data in this chapter confirm that B-13 cells treated with the 10nM DEX treatment resulted 

in a significant decrease in WNT signalling. Moreover, increasing the concentration to 100nM 

DEX led to more repression in WNT signalling in comparison to the ethanol control. The data 

also indicate that 50 µΜ quercetin inhibited WNT signalling.  Quercetin has been observed to 

lack the ability to promote transdifferentiation into B-13/H cells but to potentiate 

glucocorticoid-mediated transdifferentiation 218. The mechanism by which glucocorticoid 

mediates WNT signalling repression has not therefore been fully explained. There are only a 

few investigations studying the interaction of glucocorticoids with WNT signalling, which 

appear to depend on the cell type assessed. It has been shown that glucocorticoid exposure 

reduces the expression of β-catenin in pituitary cells 333 and inhibition of β-catenin expression 

by DEX promotes the differentiation of mesenchymal progenitor cells into adipocytes 334, while 

it does not influence osteoblasts 335.  

In B-13 cells, it has been detected that there is a constitutive WNT3a expression and moreover, 

after 14 days of 10nМ DEX treatment, glucocorticoid treatment resulted in phosphorylation 

and depletion of β-catenin and loss of β-catenin nuclear localisation, besides significant 

reductions in T-cell factor/lymphoid enhancer factor (Tcf/Lef) transcriptional activity before 

obvious changes in phenotype into hepatocyte-like (B-13/H) cells. A reoccurrence of higher 

Tcf/Lef transcriptional activity was noted along with the re-expression of WNT3a in B-13/H 
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cells. β-catenin knockdown alone was substituted for glucocorticoid-dependent 

transdifferentiation. Overexpression of a mutant β-catenin protein blocked glucocorticoid-

dependent suppression of Tcf/Lef activity and resulted in inhibition of transdifferentiation 218. 

The data in this chapter also confirms that in addition to the DEX effect on WNT signalling 

repression, β-catenin phosphorylation was also was resulted. In a previous work by Fairhall and 

colleagues, it has been shown that B-13 transdifferentiation is mediated via the glucocorticoid 

receptor and probably not by the mineralocorticoid receptor 227. In this study, treating cells with 

100nM DEX resulted in significant reduction of WNT signalling transcriptional activity. 

Meanwhile, as demonstrated in the previous chapter, the GR antagonist mifepristone (RU486) 

prevented transdifferentiation of B-13 into B-13/H cells. However, adding RU486 to 100nM 

DEX did not result in a significant difference in WNT signalling transcriptional activity when 

compared to DEX-treated cells. Surprisingly, RU486 treated cells exhibited markedly 

decreased WNT signalling. The reduction in WNT signalling in B-13 cells treated with RU486 

only could be due to weakly acting nuclear receptors responding to the high concentration of 

RU486.  Therefore, the expression of the Pgr and PXR, which are known to be contacted by 

RU486 was examined. Pgr was found to be expressed in both B-13 and B-13/H cells. However, 

progesterone exposure failed to convert B-13 into B-13/H cells. As shown in the flowchart 

Figure 4.10), antagonising the progesterone receptor with RU486 should have the same effect 

as DEX on WNT signalling. However, while both RU486 and DEX repressed WNT signalling, 

only DEX converted B-13 cells into B-13/H cells. DEX exposure might result in epigenetic 

changes, for instance the up-regulation of Gr mRNA expression and increased expression and 

translation of a functional N-terminally truncated Gr protein that shows increased nuclear 

localisation in B-13/H cells 326. This effect of DEX could explain its influence on B-13 trans-

differentiation into B13/H cells. 

Data in this chapter demonstrate a novel regulatory role for Sgk1 (SGK1F) in WNT 

signalling changes and suggested that SGK1F overexpression is upstream of β-catenin 

phosphorylation changes. The likelihood is therefore that the conversion of B-13 cells into B-

13/H cells in response to glucocorticoid is associated with Sgk1 induction and WNT signalling 

changes. The mRNA expression of WNT related genes and WNT signalling inhibitors genes 

(Dkk1, DDKK3 and sFRP), could be assessed using real-time PCR. The changes in genes at 

protein levels can be validated by Western blotting. Understanding the mechanisms is essential 

to recognise the cellular differentiation of stem cells, progenitor cells and terminally 

differentiated cells. 



Chapter 4. Results  
 

129 
 

 

 

Figure 4.10: Schematic diagram illustrates the effect of glucocorticoid antagonist (RU486) 
on GR and Pgr and their effect on WNT signalling and B-13 cells conversion into B-13/H 
cells. 
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 Conversion of human iPSCs into human hepatocyte-like cells 

5.1 Introduction 

    Liver transplantation and hepatocyte transplantation are effective treatments against chronic 

liver failure, acute liver failure and hereditary liver disease 336. In addition, in vitro toxicity 

assays using human hepatocytes is currently the gold standard for accurate assessment of drug 

toxicity and safety 337. However, several factors limit hepatocyte utility. Hepatocytes do not 

proliferate in vitro and therefore cannot be expanded in vitro. Furthermore, culture results in 

dedifferentiation and loss of function 338,339,340. Moreover, their sources are limited, which 

results in difficulty in obtaining the ample quantities required for large-scale drug toxicity 

screening 341,342. A disadvantage of using human hepatocellular carcinoma cell lines (such as 

HepG2 cells), is that they do not correctly reflect hepatic function 343. In addition, animal 

models can be used, but they introduce the problem of inter-species differences 344. Therefore, 

hepatocyte-like cells generated from hESCs and iPSCs are expected to provide an alternative 

model for drug toxicity screening and hepatocyte transplantation. 

Hepatocyte differentiation technology has improved over the years and it has become possible 

to generate ESCs/iPSCs-derived human hepatocyte-like-cells that have drug metabolic capacity 

and responsiveness to specific treatment, as these cells could be used for diseases modelling. 

This suggests that human ESCs/iPSCs-hepatocyte-like-cells may be a useful model for drug 

toxicity assays. However, they still have an immature phenotype in most of the differentiations 

experiments 268. As mentioned in section 1.7 of this dissertation there are some attempts to 

manipulate the in vitro environment to generate or preserve hepatic functionality293,345. Thus, 

further improvements in hepatic differentiation technology will be required before human 

ESCs/iPSCs-derived hepatocyte-like-cells can be a worthwhile alternative to primary human 

hepatocytes in drug toxicity prediction and screening. Unpublished studies in the laboratory 

conducted by (Wallace and Wright, unpublished data) investigated the effect of plasmid-driven 

human SGK1 expression on ES cell differentiation and maturation into hepatocyte-like-cells. 

Cells were transfected with SGK1F, SGK1C or SGK1A after 7 days of differentiation. The 

transfections did not result in any detectable alteration in hepatocyte-like-cells differentiation. 

In another experiment, cells were transfected with SGK1F, SGK1C, SGK1A just before day 11 

of differentiation. The transfections did not result in any detectable alteration in mature 

hepatocyte differentiation. However, it was not considered a robust test because transfection 

rates were extremely low. 
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Induced pluripotent stem cells (iPSCs) are generated by reprogramming somatic cells to a 

pluripotent state by the introduction of specific factors 46,47. In this approach, iPSCs received 

from Prof. Lyle Armstrong (Institute of Genetic Medicine, Newcastle University) were 

reprogrammed using a Sendai reprogramming kit. This kit includes three vector preparations: 

polycistronic Klf4–Oct3/4–Sox2, cMyc, and Klf4 for iPSC derivation from adult dermal 

fibroblasts (AD3 cells). Following a natural path of development hiPSCs (AD3) were 

differentiated into hepatocyte-like cells according to the protocol by 52. The effect of AdV-

SGK1F overexpression on hepatocyte-like cells maturation was examined at different stages of 

differentiation. The effect of AdV-SGK1F overexpression on adult human hepatocytes 

dedifferentiation were examined also. As SGK1 is a glucocorticoid-induced gene, the effect of 

glucocorticoid exposure (1µMDEX)  at the hepatoblast stage of differentiation, was also 

examined.  

5.2 The initial protocol employed  

Following a natural path of development, hiPSCs (AD3) were initially differentiated into 

hepatoblasts according to the protocol by Hannan et al. (2013) 52 (Figure 5.1 upper panel). On 

day 1 the RT-PCR result shows expression of stem cells marker OCT4 (Figure 5.2). Cells were 

cultured with CDM-PVA with Activin-A (100ng/mL) and b FGF (100ng/mL) and incubated 

for 24 hours for the pluripotency maintenance. The next day, cells were washed with DPBS and 

differentiation was induced by treating cells with freshly prepared CDM-PVA containing 

Activin-A (100ng/mL), bFGF (100ng/mL), BMP-4 (10ng/mL), LY294002 (10μM), 

CHIR99021 (3μM) for a further 24 hours. Then, the medium was replaced with freshly prepared 

CDM-PVA with Activin-A (100ng/ mL), bFGF (100ng/mL), BMP-4 (10ng/mL) and 

LY294002 (10μM). This change in media induced endoderm specification over the next 24 

hours 52. Cells were incubated for 24 hours only and the medium replaced with freshly prepared 

RPMI- B27 medium containing Activin-A (100ng/mL) and bFGF (100ng/mL). This change in 

media creates endoderm commitment over the next 24 hours which can be detected by the 

increase in cell size (Figure 5.1 lower panel) and expression of endoderm marker (sox17) , even 

though pluripotency marker (OCT4) expression was still detectable by RT-PCR after 4 days 

(Figure 5.2). Next, the medium was replaced with RPMI-B27 differentiation medium with 

Activin-A (50 ng/ml). After 3 days of daily medium changes, hepatic specification was induced 

by treating cells with RPMI-B27 differentiation medium with Activin-A (50 ng/ml) and FGF10 

(10ng/mL) for 3 days. It should be noted that foregut endoderm is reported to be specified over 

this period, according to the protocol issued by Hannan et al (2013) 52. It can be seen from 

Figure 5.1 (lower panel) day 12 that the cells take on a polygonal shape and organise into an 
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epithelium with canaliculi-like structures (indicated by the white arrow) and a dark cytoplasm. 

After 12 days, hepatic specification was determined by the expression of alpha-fetoprotein 

(AFP) (Figure 5.2). Cells were treated with hepatocyte basal medium supplemented with OSM 

(30ng/mL) and HGF (50ng/mL), and the media was replaced every two days. RT-PCR results 

demonstrate that cells expressed the hepatoblasts marker (AFP) and ductal marker (CK19) after 

15 days, although no expression was detected by RT-PCR of albumin or CYP2E1 at this stage 

of differentiation (Figure 5.2). Immunocytochemical staining showed an expression of CK19, 

AFP and a weak expression of albumin after 16 days of differentiation (Figure 5.3 A,B&C). 

These data demonstrate that the cells only achieve an immature phenotype. In the subsequent 

differentiation trials the hiPSCs (AD3) were subjected to prolonged maturation protocol as 

described in Figure 5.4 . The RT-PCR results revealed a marked reduction in pluripotency 

markers OCT4 and SOX2 after day 7 and were completely absent at day 26; a clear expression 

of DE marker SOX17 at day 5, expression of ADE marker HHEX at day 5, FOXA2 at day 5-

26. The cells still show an immature phenotype through expression of AFP and CYP3A7, 

although mature liver genes albumin expression is detected (Figure 5.5). 

Q-RT-PCR was employed to provide a more quantitative determination in the progression of 

cultured AD3 cells toward hepatic lineage, which is widely seen to occur by means of four 

stages (endoderm, anterior definitive endoderm, hepatoblast and hepatocyte-like). The 

expression of specific genes markers for each differentiation stage was examined. Q-RT-PCR 

for the progression of cultured AD3 cells toward hepatic lineages from day 1 to day 26 showed 

significant expression of pluripotency genes (OCT4, SOX2) at day 1. After three days of 

differentiation, the cells continued to express the same level of pluripotency markers and 

scarcely detectable amounts of the endodermal marker gene SOX17. On day 7, the cells 

displayed a significant level of endodermal marker SOX17 expression; the pluripotency 

markers gene expression levels were now very low in comparison to SOX17. HEX and FOXA2 

transcript levels were detectable at this stage; however, the hepatoblast marker gene AFP was 

not detected at this stage. Expression of hepatoblast marker genes was detected by day 12. After 

26 days, pluripotency and endodermal markers were not expressed although the levels of AFP 

were diminished. The liver transcription factor HNF4α was detected along with low levels of 

the mature hepatocyte marker (CYP3A4). These data indicate that a prolonged differentiation 

protocol (26 days) resulted in a diminished level of hepatoblasts marker and suggested the 

expression of mature hepatocyte markers may require an inducer or prolonged protocol beyond 

26 days to be detectable (Figure 5.6). The aim was to track the differentiation stage to confirm 

the cells are differentiating from the pluripotent stage (day0-1) into endoderm (days 3-5), ADE 
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(days 5-7), hepatoblasts (days 8- 12) and hepatocyte-like-cells (days 12-29). Sometimes the 

RNA concentration selected was too low or lack purity, which required some flexibility 

around the day of culture used for some analyses. 

 

Figure 5.1 Initial protocol employed for iPSCs (AD3) differentiation into hepatocyte- like-
cells. Flow chart outlining the growth factors and media used for the generation of mature 
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hepatocyte (upper panel). In the lower panel, iPSCs (AD3) differentiate into hepatocytes (white 
light/phase contrast pictures): Following a natural path of development hiPSCs (AD3) were 
differentiated into hepatic endoderm (hepatoblasts): Day 1 bright field picture demonstrating 
tightly packed colonies of Pluripotent cells with well-defined borders showing a high nuclear 
to cytoplasmic ratio. By the end of the day 4, definitive endoderm commitment can be detected 
by the increase in cell size and migration of cells away from the original colony. At days 12 
and 14 hepatoblasts display polygonal shape and organised into an epithelium with canaliculi-
like structures (indicated by the white arrow) and a dark cytoplasm. Data are typical for at least 
3 separate experiments. Panel labelled “arrow” is an expanded view of the cell identified by an 
arrow at day 12. 

  

 

 

Figure 5.2 Initial protocol employed for iPSCs (AD3) differentiation into hepatocyte- like-
cells. 
 RT-PCR for indicated genes, Gapdh was used as loading control; mRNA isolated from 
differentiated AD3 cells at different stages of differentiation as indicated. mRNA also isolated 
from human hepatocytes and used as a control. Data are typical for at least 3 separate 
experiments. 
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Figure 5.3 Initial protocol employed for iPSCs (AD3) differentiation into hepatocyte- like- 
cells.  Confocal images of AD3 cells directed to differentiate into hepatocyte-like-cells: cells 
were fixed after 16 days of differentiation into hepatocyte-like-cells and examined alongside 
positive control cells for the expression of (A) CK19, (B) AFP and (C) Albumin. Data are mean 
and SD for at least 3 separate experiments. All images were taken under identical spectral 
conditions.
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Figure 5.4 Final protocol employed to direct iPSCs toward hepatocyte-like cells. Schematic 
diagram depicting the protocol (Hannan et al., 2013) employed to direct iPSCs toward 
hepatocyte-like cells (upper panel). light micrographs of iPSCs at different stages – as indicated 
- of differentiation to hepatocyte-like cells. Results typical of 10 separate experiments. 
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Figure 5.5 Final protocol employed to direct iPSCs toward hepatocyte-like cells.  RT-PCR 
for selected transcripts in iPSCs at different stages of differentiation to hepatocyte-like cells. 
GAPDH was used as loading control. Results typical of 10 separate experiments. 
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Figure 5.6 Q-RT-PCR for the progression of cultured AD3 cells toward hepatic lineages from day 1 to day 26.  AD3 cells (iPSCs) were 
differentiated into hepatocyte-like cells for 26 days. qRTPCR results showed expression of (OCT4 and/or SOX2) at days 1-12. DE marker gene 
expression (SOX17) at day 1 and day 7. ADE markers (HEX and FOXA2) transcript levels were also detectable at day 7. Expression of hepatoblasts 
marker genes (AFP) was detected at day 12. After 26 days, pluripotency and endodermal markers are completely absent, AFP were diminished. 
hepatoblasts marker (AFP) and liver transcription factor HNF4α were detected with scarcely any detection of mature hepatocyte marker (CYP3A4). Data 
are represented as mean±standard deviation using ∆∆Ct method. 

140 
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5.3 Functionality of AdV-GFP, AdV-SGK1F in AD3 cells (iPSCs) at different stages of 
differentiation into hepatocyte-like-cells 

In order to examine  the efficiency of iPSCS derived hepatocytes infected with the adenovirus, 

hepatocyte-like-cells were subjected to the hepatocyte differentiation protocol outlined in the 

methods section and schematically described previously in Figure 5.4 . At day 1, cells were 

repeatedly infected with AdV-GFP at MOI 20. Limited trial and error suggested that that this 

approach gave the best infection rates whilst limiting losses in cell viability. Cells expressing 

GFP were determined by fluorescence microscopy from 3 randomly selected views up to 3 days 

later. Figure 5.7 demonstrates that infection of differentiating iPSCs (from day 1) at a MOI of 

20 gave rise to low infection rates typically in the mean range of 7% by day 3. Infecting cells 

with AdV-SGK1F at day 1, when the cells are at a pluripotent/early transition to an endoderm 

stage of development resulted in low levels of expression of a protein immunoreactive to the 

mouse anti-SGK1 antibody (Figure 5.8). However, the size of this protein (~ 57 kDa) differed 

to the predicted size of the tagged SGK1F protein (48.9 kDa), the protein may be aberrantly 

modified post translationally (e.g. phosphorylation) which is a common issue with iPSCs. Also, 

the loading control protein (β-actin) is higher in the AdV-SGK1F infected sample, which could 

interfere with the detection of low levels of SGK1F.  Increased total protein loading in this 

sample would help to obtain a clearer – more quantitative - SGK1F protein band. 

Infecting cells with AdV-GFP at days 4-5, when the cells are transiting between the 

endodermal/anterior definitive endoderm stages of development at an MOI of 20 was able to 

give rise to infection rates typically in the mean range of approximately 70% by day 7, based 

on GFP expression (Figure 5.9). Infection with AdV-SGK1F during this period gave rise to the 

robust expression of a protein in the range of the predicted 48.9 kDa size for the tagged SGK1F 

protein (Figure 5.10). Infecting cells with AdV-GFP at day 26, when the cells are at the post-

hepatoblast/foetal hepatocyte (hepatocyte-like) stage of development - at a MOI of 20 - was 

able to give rise to infection rates typically in the mean range of approximately 80% by day 29, 

based on GFP expression (Figure 5.11) and robust expression of the 48.9 kDa tagged SGK1F 

protein (Figure 5.12). 
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Figure 5.7 Early infection (at day 1) of iPSCs with AdV-GFP resulted in low infection 
rate.  Effect of repeated infection of iPSCs after 1 day of differentiation with AdV-GFP on the 
expression of GFP.  iPSCs were infected at a MOI of 20.0 and the mean percentage and SD of 
cells expressing GFP determined by fluorescence microscopy from 3 randomly selected views  
up to 3 days later. Typical views shown. Data typical of 3 separate experiments.  
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Figure 5.8 Early infection (at day 1) of iPSCs with AdV-SGK1F resulted in low levels of 
expression of SGK1F.  Western blot analysed for the expression of flag tagged SGK1F 
followed by β-actin. Cells were repeatedly infected at day 0 at a MOI of 20.0 with the indicated 
AdV-SGK1F construct prior to harvest at day 3 and total cell protein analysis by Western 
blotting. Each lane contained a 20 μg protein/lane.β-actin was used as loading protein. Data 
typical of 3 separate experiments.  
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Figure 5.9 Infection of iPSCs at day 5 with AdV-GFP resulted in high infection rate. Effect 
of repeated infection of iPSCs after 5 days of differentiation with AdV-GFP on the percentage 
of cells expressing GFP at the indicated timepoints. iPSCs were infected at a MOI of 20 and 
the mean percentage and SD of cells expressing GFP determined by fluorescence microscopy 
from 3 randomly selected views (lower panel). Typical view shown in the upper panel. Data 
typical of 3 separate experiments.   
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Figure 5.10 Infection of iPSCs at day 5 AdV-SGK1F resulted a robust SGK1F expression. 
Western blot analysed for the expression of flag tagged SGK1F followed by β-actin. Cells were 
repeatedly infected at day 4 at a MOI of 20.0 with the indicated AdV construct prior to harvest 
at day 7 and total cell protein analysis by Western blotting. Infection with AdV-SGK1F during 
this period  (day5 to day 7)gave rise to the robust expression of a protein in the range of the 
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predicted 48.9 kDa size for the tagged SGK1F protein. Each lane contained a 20 μg protein/lane. 
β-actin was used as loading protein Data typical of 3 separate experiments.  

 

Figure 5.11 Infection of iPSCs at day 26 with AdV-GFP resulted in a high infection rate. 
Effect of repeated infection of iPSCs after 26 days of differentiation with AdV-GFP on the 
percentage of cells expressing GFP at the indicated timepoints. iPSC-derived hepatocytes were 
infected at a MOI of 20 and the mean percentage and SD of cells expressing GFP determined 
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by fluorescence microscopy from 3 randomly selected views (lower panel). Typical views 
shown in the upper panel. Data typical of 3 separate experiments. 

  

 

 

Figure 5.12 Infection of iPSCs at day 26 with AdV-SGK1F resulted in a robust SGK1F 
expression.  Western blot analysed for the expression of flag tagged SGK1F followed by β-
actin. Cells were repeatedly infected at day 26 at a MOI of 20.0 with the indicated AdV 
construct prior to harvest at day 29 and total cell protein analysis by Western blotting. Each 
lane contained a 20 μg protein/lane. β-actin was used as loading protein. Data typical of 3 
separate experiments. 
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5.4 d SGK1 activity in hepatocyte-like-cells 

To examine SGK1 activity in hepatocyte-like-cells, the SGK1F  was expressed in  hepatocyte-

like-cells. Cells infected with AdV-SGK1F at an MOI 20 with AdV-SGK1F and AdV-GFP 

form day16 for 3days.  Cell lysates and RNA were made from time 0, 24h, 48h, and 72h. RT-

PCR was performed for SGK1 transcripts (A, B, C, D, F). As shown in Figure 5.13 SGK 1c 

expression was detected in cells infected with AdV-SGK1F for 24 h and  SGK1F expressed by 

cells infected with AdV-SGK1F. Furthermore, a 500ng/ml concentration of protein was 

prepared from the cells lysate. After incubating the sample with 100 µM ATP and 1mg/ml AKT 

substrate, SGK1 activity versus the times cultured with MO 20 of AdV-SGK1F was measured 

using the ADP-Glo Kinase Assay that measures ADP formed from the kinase reaction; ADP is 

converted into ATP, which is converted into light by Ultra-Glo Luciferase. The luminescent 

signal is significantly different from the time zero infected cells, as can be seen from Figure 

5.14. However, increased SGK1 activity was observed in AdV-GFP infected cells too. 
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Figure 5.13 Expression of different SGK isoforms after repeated infection with AdV-
SGK1F and AdV-GFP and its effect on SGK activity. Transcript expression: iPSCs were 
infected repeatedly at a MOI of 20.0 with AdV-SGK1F and AdV-GFP at day 16 of 
differentiation for 72 hours.  RNA were isolated after 24 h, 48 h and 72 h and RT-PCR was 
performed to detect the indicated SGK1 isoforms. GAPDH was used as loading control. 
Agarose gel image (upper panel) was quantified using ImageJ software, GAPDH normailsed ( 
lower panel). Data are similar for 3 separate experiments. 

 



Chapter 5. Results  
 

150 
 

 

Figure 5.14 Repeated infection with AdV-SGK1F and AdV-GFP and its effect on SGK 
activity. SGK1 kinase activity: iPSCs were infected repeatedly at a MOI of 20.0 with AdV-
SGK1F and AdV-GFP at day 16 of differentiation for 72 hours. Cells lysates was prepared from 
cells cultures after 24 hours, 48 hours and 72 hours and SGK1 kinase activity determined in 
cell extracts, as outlined in the methods section. Data are similar for 3 separate experiments. 
Significantly different results (*= P< 0.05) determined using the one way Anova test followed 
by the post-hoc test.  
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5.5 Expression of SGK1F promotes a hepatoblast state in stem cells directed to 
differentiate into hepatocytes 

To test whether SGK1F over-expression at different differentiation stages has an effect on the 

maturity of iPSCs directed to hepatocyte-like cells. The hepatocyte differentiation protocol 

described previously was employed and the differentiating iPSCs were infected with AdV-

SGK1F and AdV-null (at an MOI of 20) from day 1 when the cells are at a pluripotent/early 

transition to an endoderm stage of development, at day 5 when the cells are transiting between 

endodermal/anterior definitive endoderm stages of development and at day 26 when the cells 

are at the post-hepatoblast/foetal hepatocyte (hepatocyte-like) stage of development (Figure 

5.15.A). RNA was isolated from AdV-SGK1F and AdV-null infected cells for qRT-PCR 

analysis, in addition to freshly isolated human liver which was used as a control. The RNA 

concentrations were quantified by Nanodrop spectrophotometer. Additionally, cDNA 

synthesised from 5 ng of total RNA was mixed with TaqMan Universal PCR Master Mix 

(Applied Biosystems) and a gene specific primer and probe mixture (predeveloped TaqMan 

Gene Expression Assays, Applied Biosystems) in a final volume of 20 µl was used. The probe 

sets used were designed to specifically amplify regions of the cDNAs for OCT4, SOX2, 

FOXA2, HEX, SOX17, HNF4α AFP, CYP3A7, Albumin, CPS1, CYP1A2 and CYP3A4). All 

samples were run in triplicate. The mRNA concentrations of specific genes were expressed in 

arbitrary units and normalised to the mean of 18s ribosomal RNA concentrations to correct the 

differences in cDNA loading. 

The extent of the differentiation of AdV-SGK1F infected cells was compared to AdV-null 

infected cells. Figure 5.15B indicates that the SGK1F expression resulted in no significant 

changes in any transcript level (when compared to the AdV-null control) after 3 days of 

infection at the early stage of differentiation (day 1). These data suggest that early expression 

of SGK1F in iPSCs directed to differentiate into endoderm does not promote progression to 

endodermal cells, either because of low rates of infection (resulting in low levels of expression 

as demonstrated in Figure 5.8 in Section 5.3) or because any expressed protein is rapidly 

degraded. 

The relative expression of hepatoblasts markers (AFP and CYP3A7) and mature hepatocyte 

markers (CPS1, ALB, CYPA1A2 and CYP3A4) after 7 day is shown in Figure 5.15 C  which 

illustrates that SGK1F expression significantly increased hepatoblast transcript. This result 

suggests that the expression of SGK1F in iPSCs-derived endoderm directed to differentiate into 

anterior definitive endoderm and hepatoblasts results in promotion to an hepatoblast phenotype. 
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The relative expression of hepatoblast markers (AFP, CYP3A7) and mature hepatocyte (CPSI, 

albumin, CYP1A2 and CYP3A4) at day 29 showed in Figure 5.15D. This figure indicates 

SGK1F expression significantly increased the hepatoblast transcripts AFP and CYP3A7. In 

addition, there was a significant decrease in the mature transcript albumin and a tendency – 

though not significantly – for a reduction in CPSI transcripts. In contrast, the adult mature 

hepatocyte transcripts such as CYP1A2 and CYP3A4 were not reliably detectable in iPSC-

derived hepatocyte-like cells (Figure 5.15D). Notably, SGK1F expression did not promote a 

more mature phenotype in hepatoblasts directed to differentiate towards a mature hepatocyte 

phenotype.   

These data suggest that expression of SGK1F in iPSCs differentiating toward hepatocyte-like 

cells promotes a reversal to an hepatoblast phenotype.   
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Figure 5.15 Adenoviral-mediated expression of SGK1F promotes an hepatoblast state in 
stem cells directed to differentiate into hepatocytes.  A: schematic diagram depicting the 
protocol (Hannan et al., 2013) employed to direct iPSCs toward hepatocyte-like cells and the 
AdV-SGK1F infection stages. B: Early expression of SGK1F in iPSCs directed to differentiate 
into endoderm has no effect on progression to endodermal cells. Transcript expression. iPSCs 
after 1 day of differentiation were infected with the indicated AdV before total RNA was 
isolated at day 3 and transcript expression determined by qRT-PCR, as outlined in the methods 
section. Data are typical of 3 separate experiments. C: Expression of SGK1F in iPSCs-derived 
endoderm directed to differentiate into hepatoblasts promotes a hepatoblast phenotype. 
Transcript expression. iPSCs after 5 days of differentiation were infected with the indicated 
AdV before total RNA was isolated at day 8 and transcript expression determined by qRT-PCR 
as outlined in the methods section. Data are typical of 3 separate experiments. D: Expression 
of SGK1F in iPSC-derived hepatocytes results in promotion back to a hepatoblast phenotype. 
Transcript expression. iPSC-derived hepatocytes after 26 days of differentiation were infected 
with the indicated AdV before total RNA was isolated at day 29 and transcript expression 
determined by qRT-PCR, as outlined in the methods section. Data are typical of 3 separate 
experiments. Statistically significant differences were determined by the Student’s 2-tailed t-
test. 
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5.6 Adult human hepatocytes efficiently infected with AdV-GFP and AdV-hSGK1F 

Human hepatocytes (HH) were isolated from a 60 year old male donor by collagenase perfusion 

(performed at the Freeman Hospital by colleagues in the Wright lab) and collagen coated 6 well 

plates of HH were obtained in order to examine the efficiency of HH infection with the 

adenovirus, HH infected repeatedly from day one of isolation with AdV-GFP at MOI 20 HH 

cells were found amenable to adenoviral infection based on infection with AdV-GFP, an 

approximate MOI of 20 resulted in high infection rates > 80 %  by day 3 (Figure 5.16). 

Moreover, after 5 days of infection with AdV-SGK1F MOI 20, high level expression of the 

48.9 kDa tagged SGK1F protein detected by Western blotting  in AdV-SGK1F infected cells 

only in comparison to AdV-null and time zero cells (Figure 5.17). 

 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hepatocyte
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/collagenase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/perfusion
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Figure 5.16 Adult human hepatocytes efficiently infected with AdV-GFP.  Effect of 
repeated infection of adult human hepatocytes (HH) with AdV-GFP on the expression of GFP. 
HH were infected at a MOI of 20.0 on day 1 of isolation and the mean percentage and SD of 
cells expressing GFP determined by fluorescence microscopy from 3 randomly selected views 
up to 3 days later (lower panel). Typical views shown in the upper panel. Significantly different 
results (*= P< 0.05) determined using the one way Anova test followed by the post-hoc test. 
Data typical of 3 separate experiments (n=1). 
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Figure 5.17 Adult human hepatocytes efficiently infected with AdV-SGK1F.  Western blot 
analysed for the expression of flag tagged SGK1F followed by β-actin. Cells were repeatedly 
infected at day 1 at a MOI of 20.0 with the indicated AdV construct prior to harvest at day 5 
and total cell protein analysis by Western blotting. Each lane contained a 20 μg protein/lane. 
Data typical of 3 separate experiments (n=1).
 

5.7 Expression of SGK1F did not promote mature adult hepatocyte reversal into a 
hepatoblast phenotype.   

In order to investigate the effect of adenovirus mediated SGK1F gene expression on HH de-

differentiation, cells were infected with AdV-SGK1F at a MOI 20 and AdV-null at a MOI 20. 

After 5 days, RNA was isolated from AdV-SGK1F and AdV-null infected cells in addition to 

freshly isolated HH (day 1) for qRT-PCR analysis. The RNA concentrations were quantified 

by Nanodrop spectrophotometer. cDNA synthesised from 5 ng of total RNA was mixed with 

TaqMan Universal PCR Master Mix (Applied Biosystems) and a gene specific primer and 

probe mixture (predeveloped TaqMan Gene Expression Assays, Applied Biosystems) in a final 

volume of 20 µl used. The probe sets used were designed to specifically amplify regions of the 
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cDNAs for FOXA2, HEX, AFP, CYP3A7, CPS1, ALBUMIN, CYP1A2 and CYP3A4. All 

samples were run in triplicate (technical replicates). The mRNA concentrations of specific 

genes were expressed in arbitrary units and normalised to the mean 18s ribosomal RNA 

concentrations to correct for differences in cDNA loading. qRT-PCR results shown in Figure 

5.18.A, B and C, indicate that SGK1F expression resulted in no significant changes in any 

transcript level (when compared to AdV-null control). These data suggest that the expression 

of SGK1F in HH did not promote the dedifferentiation of mature human hepatocytes into an 

hepatoblast phenotype.   
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Figure 5.18 Adenoviral mediated expression of SGK1F did not result in a significant effect 
on HH transcripts levels.  A: Expression of SGK1F did not promote significant changes in 
HEX and FOXA2 expression levels in adult hepatocyte. HH after 1 day of isolation were 
infected at a MOI of 20.0 with the indicated AdV before total RNA isolated at day 5 and 
transcript expression determined by qRT-PCR, as outlined in the methods section. Data are 
typical of 3 separate experiments. B: expression of SGK1F did not promote significant changes 
in AFP and CYP3A7 expression levels in adult hepatocyte. HH after 1 day of isolation were 
infected at a MOI of 20.0 with the indicated AdV before total RNA was isolated at day 5 and 
transcript expression determined by qRT-PCR, as outlined in the methods section. Data are 
typical of 3 separate experiments. C: expression of SGK1F did not promote significant changes 
in the expression levels of mature liver marker genes in  adult hepatocyte. HH after 1 day of 
isolation were infected at a MOI of 20 with the indicated AdV before total RNA isolated at day 
5 and transcript expression determined by qRT-PCR, as outlined in the methods section. The 
mRNA concentrations of specific genes were expressed in arbitrary units and normalised to the 
mean 18s ribosomal RNA concentrations Dotted lines indicate the level of time zero control 
sample (HH) used for results normalization. Data presented using the ΔΔCt methodology are 
typical of 3 separate experiments (technical replicates). 
  

5.8 Addition of 1µM Dexamethasone to the initial protocol enhanced hepatic phenotype 
in iPSC-derived hepatocytes 

To determine whether glucocorticoid affects the maturation of iPSCs into hepatocytes, AD3 

cells where differentiated using the standard protocol with the addition of 1µΜ DEX at day 12. 

AD3 cells were differentiated over 26 days using three different protocols: the previously used 

standard protocol (a combination 30ng/ml OSM and 50ng/ml HGF), the amended protocols (a 

combination of 1µΜDEX, 50ng/ml HGF and 30ng/ml OSM) and only 1µΜ DEX. Additionally, 

mRNA was isolated from cells treated with different treatments at day 26 in addition to AD3 

cells at days 1, 5, 12 and 16 of the differentiation into hepatocyte-like-cells employing the 

standard protocol. RNA was purified and RT-PCR was performed. The results show a change 
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in the cell morphology, passing from colonies of small round cells with a high nuclear to 

cytoplasm ratio into individual large cells with a low nuclear to cytoplasm ratio with a more 

polygonal shape in day 26 (Figure 5.19 upper panel). RT-PCR results demonstrate that AD3 

cells differentiated with the amended protocol used a combination of 1µΜDEX, 50ng/ml HGF 

and 30ng/ml OSM show a robust expression of the mature liver marker gene, albumin. 

However, albumin transcript is also expressed at day 26 by cells subjected to the standard 

protocol (without DEX) but the expression seems low in comparison to cells treated with a 

combination of 1µΜDEX, 50ng/ml HGF and 30ng/ml OSM. Moreover, CYP2E1 transcript 

expression were detected only in cells subjected to differentiation by the protocol which used a 

combination of 1µΜDEX, 50ng/ml HGF and 30ng/ml OSM. The hepatocyte-like cells 

compared with human adult liver cells. Although RT-PCR is a semi-quantitative technique, this 

result suggests hepatocyte-like cells maturation is enhanced by the addition of 1µМ DEX 

(Figure 5.19 lower panel). A weakness in this experiment is that ethanol vehicle control was 

not used (due to limitation in cells amount) to exclude the effect of the ethanol. 
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Figure 5.19 Addition of 1µM DEX to the initial protocol used enhanced hepatic phenotype 
in iPSCs derived hepatocyte-like cells. Upper panel: optical morphology of AD3 cells at day 
zero round cells with a high nuclear to cytoplasm ratio grow in colonies. Day 26 without DEX 
and day 26 with DEX from day 12; individual large cells with a low nuclear to cytoplasm ratio 
with a more polygonal shape. Lower panel: RT-PCR for Albumin, CYP2E1 and the house 
keeping gene (GAPDH). mRNA isolated at day 26 from AD3 cells differentiated with different 
combinations of 1µΜDEX, 50ng/ml HGF and 30ng/ml OSM from day 12. Data are typical in 
at least 3 separate experiments.
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5.9 Effect of SGK1F expression and/or dexamethasone treatment on the differentiation of 
human iPSCs into hepatocyte-like cells 

iPSCs (AD3 cells) were differentiated to 26 days by the modified protocol using a combination 

of 1µΜDEX, 50ng/ml HGF and 30ng/ml OSM from day 12 in addition to infection at a MOI 

of 20 for three days with AdV-SGK1F at day 5 (endoderm stage) and day 16 (early hepatocyte 

stage) and AdV-null at day 16. RT-PCR was performed for the housekeeping gene (GAPDH), 

SGK1F, OCT4, Nanog, CK19, SOX17, C/EBPα, C/EBP β, HNF4α, AFP, CYP3A7, Albumin, 

CPS1, CYP3A4, CYP2C19 and CYP1A2. All these approaches were compared to time zero cells 

(day 1) and human hepatocytes. The semi quantitative RT-PCR results Figure 5.20 demonstrate 

clear expression of SGK1F by AdV-SGK1F infected cells. However, the level is higher via day 

16 infected cells than those in day five, which suggests more mature cells are less resistant to 

adenoviral infection than those in the early differentiation stage which is consistent with the 

previous finding in Section 5.3. The results in Figure 5.20  also show pluripotency marker genes 

transcripts (OCT4 and Nanog) and the endodermal marker gene SOX17 were only detected in 

day 1 cells and completely absent in day 26 cells. A weak expression of epithelial marker gene 

CK19 was shown by hepatocyte-like cells. Conversely, liver transcription factors genes 

C/EBPα, C/EBPβ and HNF4α were expressed by hepatocyte-like cells. Hepatoblast marker 

genes transcripts (AFP and CYP3A7) were readily expressed in all hepatocyte-like cells. 

Interestingly, liver mature transcripts albumin, CYP3A4 and CYP2C19 was expressed by cells 

treated with DEX and without SGK1F expression at a level similar to that in human 

hepatocytes. In contrast, AdV-SGK1F infected cells showed low expression levels of CYP3A4 

and albumin, which is lower in AdV-SGK1F infected cells at day 16 where there was more 

expression of AdV-SGK1F. This suggests that SGK1F did not promote a more mature 

phenotype in hepatocyte-like cells and conversely, the cells maturation appears to have 

decreased or reversed into an hepatoblast phenotype. 
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Figure 5.20 Effect of SGK1F expression and/or DEX treatment on the differentiation of 
human iPSCs derived hepatocyte-like cells.   AD3 cells were differentiated to 26 days by 
being treated with1µΜ DEX from day 12 in addition to infection with MOI 20 AdV-SGK1F at 
day 5 (endoderm stage) for three days and day 16 (early hepatocyte stage) for three days. RT-
PCR was carried out for the indicated transcripts.  A house keeping gene, GAPDH, was used 
as a control. Densitometry analysis was performed using the ImageJ software and data for 
relative intensity was plotted as columns in graphs. Data are similar in at least three separate 
experiments.
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A further experiment was performed to assess the effect of DEX treatment on the differentiation 

of human iPSCs into hepatocyte-like cells. AD3 cells were differentiated into hepatocyte-like 

cells (day 26) with the addition of 1µΜDEX from day 12 and without DEX (standard protocol), 

as shown in the schematic diagram in Figure 5.21, upper panel. RNA was purified and 

quantified for qRT-PCR. The probe sets used were designed to specifically amplify regions of 

the cDNAs for HNF4α, AFP, CYP3A7, Albumin, CPS1, CYP1A2, CYP2E1 and CYP3A4. 

Hepatocyte-like cells were compared to freshly isolated human hepatocytes. The results 

revealed a significant difference in AFP levels; DEX treated cells exhibited a lower level of 

immature liver marker transcript (AFP). In contrast, the CYP3A7 transcript expression level is 

significantly high in the DEX treated cell suggesting the effect of DEX on CYP3A7 induction. 

In addition, the expression levels of mature liver marker transcripts CPSI and albumin (however 

it is not significant) is higher in DEX treated cells in comparison to cells subjected to standard 

differentiation protocol. Surprisingly, the CYP3A4 transcript expression level is markedly 

induced by DEX treatment when compared to the expression level in cells treated without DEX. 

The very high expression level of CYP3A4 transcript confirms the effect of DEX on the 

maturation of cells besides its impact on cytochrome p450 enzyme induction (Figure 5.21 lower 

panel). 
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Figure 5.21 Effect of SGK1F expression and DEX treatment on the differentiation of 
human iPSCs into hepatocyte-like cells.  AD3 cells were differentiated into hepatocyte-like 
cells (day26) with 1µΜDEX from day 12 and without DEX, as demonstrated in the schematic 
flow chart in the upper panel. Q-RT-PCR  was performed using TaqMan Gene Expression 
Assays for liver genes HNF4α, AFP, CYP3A7, Albumin, CPS1, CYP1A2, CYP2E1 and 
CYP3A4 (lower panel). *Significantly different (P<0.05) versus without DEX treated cells 
using Student’s t-test (two tailed). All results typical of at least three separate experiments. 

 

iPSCs derived hepatocyte-like cells at day 16 of differentiation were found amenable to 

adenoviral infection based on infection with adenovirus encoding green fluorescent protein 
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(AdV-GFP) with an approximate MOI of 20 which resulted in an infection rate of 

approximately 80% after 3 days (Figure 5.22).  

 

Figure 5.22 iPSCs derived hepatocyte-like cells (at early hepatocyte stage) are efficiently 
infected with AdV-GFP.  iPSCs subjected to standard differentiation protocol and the derived 
hepatocyte-like cells at the early hepatocyte-like stage (day 16) were infected repeatedly with 
approximately MOI 20 of AdV-GFP, the mean percentage and SD of cells expressing GFP 
determined by fluorescence microscopy from 3 randomly selected views up to 3 days later 
(lower planel). In the upper panel typical views shown for uninfected control cells (left) and 
AdV-GFP infected cells day 18 (right). Data typical of 3 separate experiments. *Significantly 
different (P<0.05) was determined by using the one way Anova test followed by the post hoc 
test.
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To examine the effect of SGK1F overexpression at day 16 (without the addition of DEX) on 

cells directed to hepatocyte-like-cells. iPSCs (AD3 cells) were subjected to the standard 

differentiation protocol and infected with AdV-SGK1F and AdV-null (at an MOI of 20) at day 

16 for three days (Figure 5.23, upper panel). RNA was isolated from hepatocyte-like cells at 

day 26 and purified for qRT-PCR using predeveloped TaqMan Gene Expression Assays for 

HNF4α, AFP, CYP3A7, Albumin, CPS1, CYP1A2, CYP2E1 and CYP3A4. RNA from  freshly 

isolated human hepatocyte was used as a control (case 1). As shown in Figure 5.23.lower panel, 

there is no significant change in the mature liver markers transcripts level; however, there is a 

significant difference in the expression of hepatoblast markers AFP, CYP3A7 in AdV-SGK1F 

infected cells in comparison to AdV-null infected cells. This is consistent with previous findings 

that suggest SGK1F reverse hepatocyte-like cells into an hepatoblast phenotype rather than 

promoting their maturation. 
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Figure 5.23 qRT-PCR for the effect of SGK1F expression on the differentiation of human 
iPSCs into hepatocytes-like cells at the early hepatocyte stage (day 16).  RNA isolated from  
Ad3 cells were subjected to the standard protocol differentiation and cells infected with MOI 
20 of AdV-SGK1F at day 16 for three days outlined in the schematic flow chart (upper panel)  
and RNA were isolated at day 26 of differentiation. QRT-PCR using TaqMan Gene Expression 
Assays was performed for the transcripts HNF4a, AFP, CYP3A7, Albumin, CPS1, CYP1A2, 
CYP2E1 and CYP3A4. Data are the mean and standard deviation of three replicates from the 
same experiment. Significantly different (P<0.05) versus AdV-null infected cells using 
Student’s t-test (two tailed). All results typical of at least three separate experiments.
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5.10 Chapter discussion 

Although the differentiation of human embryonic stem cells and induced pluripotent stem cells 

into hepatocyte-like cells has been reported 346, additional development of this technology could 

lead to the scalable production of functional hepatocyte-like cells to be used for drug screening 

and to provide an alternative source of hepatocytes for liver transplantation.  

SGK1 is transcriptionally upregulated by glucocorticoids and mineralocorticoids, and 

furthermore, it primarily regulates epithelial Na+ channel (ENaC) and sodium re-absorption by 

the kidney 233. Cell line-based data associating SGK1 activation to particular developmental or 

differentiation pathways are somewhat limited. Wu et al. (2013) and Heitkamp et al. (2014) 

reported that SGK1 plays roles in cells differentiation 254,255, however, there is no apparent 

phenotype – developmental or otherwise - in Sgk1-/- mice (although there is impaired renal 

Na+ retention if mice are exposed to salt depletion 252,347. Given that selected isoforms of Sgk1 

have been shown to substitute for glucocorticoid and be critical for promoting differentiation 

to B-13/H cells (Wallace et al., 2011), we hypothesized that expression of the human SGK1F 

isoform will promote and maintain a hepatocyte phenotype in human stem cells directed to 

differentiate into hepatocyte-like cells. 

In this chapter, a protocol comprising four stages to mimic the embryonic development of the 

liver 52, was used to convert iPSCs (AD3) into hepatocyte-like cells. After 26 days, the 

differentiated cells revealed hepatocyte-like phenotype judged by the disappearance of 

pluripotency and endodermal markers and expression mature hepatic markers transcript 

(Albumin); however, the cells still - at least in part- remained in an immature phenotype as 

confirmed by expression of foetal liver markers transcripts (AFP and CYP3A7). AdV-hSGK1 

overexpression were used to study the effect of SGK1 on iPSC stem cells (AD3) differentiation 

and maturation for the first time. Adenovirus was used as a vector to introduce SGK1F into the 

cells. Adenovirus vector has attracted attention for its ability to safely and efficiently mediate 

gene targeting in a variety of cell types 348 327. Infecting differentiating iPSCs (from day 1) when 

the cells are at a pluripotent/early transition to an endoderm stage of development resulted in a 

low infection rate and low levels of the expression of a protein immunoreactive to the mouse 

anti-SGK1 antibody. In contrast, infecting cells at day 4-5 when the cells are transiting between 

endodermal/anterior definitive endoderm stages of development and at day 26 when the cells 

are at a post-hepatoblast/foetal hepatocyte (hepatocyte-like) stage of development resulted in a 

high rate of infection and robust expression of tagged SGK1F protein. Additionally, SGK1 

enzyme activity showed significant differences with non-infected cells; however, the enzyme 
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activity was also significantly different in AdV-GFP infected cells as well, when compared to 

non-infected cells. An explanation for this could be for the reason that this assay is not certain 

to detect the ADP resulting only from SGK1 phosphorylation of AKT substrate. Possibly other 

enzymes catalysed the decomposition of ATP into ADP and a free phosphate ion. Likewise, the 

stress applied to the cells by adenoviral infection alone appears to induce SGK1 transcription, 

as the oxidative stress has been shown to induce SGK1 gene transcription 349 and this could 

mean using adenovirus for therapeutic purposes as gene delivery tool is unsafe. Besides, SGK1 

mRNA has a short half-life, disappearing within 20 min of transcription 246. All previous data 

confirm the functionality of the adenoviral-derived SGK1F protein in iPSCs directed to 

hepatocyte-like-cells.  

In a study conducted by Wallace and Wright (unpublished data), the cells generated from ES 

differentiation into hepatocyte-like cells did not exhibit any detectable maturation phenotype 

after the plasmid-driven human SGK1 expression. However, it was not considered test since 

the transfection rates were extremely low.  The data in this chapter obtained by Q-RT-PCR 

using TaqMan Gene Expression Assays suggest that progression to endoderm was not affected 

by expression of SGK1F soon after stimulation to differentiate from stem cells into endoderm, 

although this may be related to low levels of the infection of cells at this stage of development. 

However, expression of SGK1F in iPSCs-derived endoderm directed to differentiate into 

hepatoblasts resulted in the promotion to an hepatoblast phenotype. Despite this maturing effect 

on endoderm, late expression of SGK1F in iPSCs-derived hepatocytes resulted in an enhanced 

hepatoblast phenotype. On this basis, therefore, SGK1F expression does not act to promote an 

increase in the maturation of stem cell-derived terminally differentiating hepatocytes. Instead, 

SGK1F expression promoted the formation of hepatoblasts from both endoderm and 

hepatocytes. Accordingly, these data disregard the role of SGK1F in the differentiation of AD3 

cells into mature hepatocytes but opens the question as to whether SGK1F expression promotes 

primary hepatocyte dedifferentiation into foetal hepatic phenotype in vitro? Preliminary results 

obtained from adenoviral mediated overexpression of SGK1F in adult hepatocytes soon after 

isolation for five days did not detect any significant changes in liver marker transcript levels 

when compared to AdV-null infected cells.    

As SGK1 is a glucocorticoid-induced gene, the effect of glucocorticoid exposure (1µMDEX)  

at the hepatoblast stage of differentiation, (day12) was also examined. Schoneveld et al. (2004), 

used dexamethasone as a mature hepatic inducer. Clotman et al. (2005), used  oncostatin or 

follistatin and HGF mixed along with dexamethasone to induce the maturation stage 350. The 

use of follistatin or oncostatin is used to favour hepatocyte over cholangiocyte differentiation, 
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whereas HGF is used universally to mimic the hepatic environment 350. Recently, Arnaud 

Carpentier et al. (2016), noticed that AFP positive hPSCs- derived hepatocyte-like cells could 

mature into positive albumin cells after dexamethasone treatment 351. RT-PCR results 

demonstrate that AD3 cells differentiation with a combination of 1µMDEX, 50ng/ml HGF and 

30ng/ml OSM at day 12 (hepatoblasts stage) resulted in mature liver marker genes albumin at 

a level similar to that expressed in human hepatocyte.  

The effect of a combination of dexamethasone and SGK1F expression was examined. The semi-

quantitative RT-PCR results demonstrated that the level of expression of SGK1F by AdV-

SGK1F infected cells was higher by day 16 infected cells than those in day five. This 

observation suggested the less mature cells are more resistant to adenoviral infection. It was 

noticed that the expression of foetal markers - AFP and CYP3A7 - was extreme in all cells, 

including those infected with AdV-SGK1F at day five, day 16, as well as AdV-null infected 

cells. Notably, albumin was expressed by cells treated with DEX and AdV-null at a level similar 

to that in human hepatocytes. Conversely, albumin expression is less in cells treated with a 

combination of both DEX and AdV-SGK1F at day 16, which highly express hSGK1F. These 

findings suggest that the maturity is reduced in cells treated with SGK1F overexpression. 

Q-RT-PCR was used to compare the effect of DEX (as mature hepatic inducer) to the standard 

protocol. After 26 days, in DEX-treated cells, CPS1 was high (although it is not a significant 

difference) and CYP3A4 were significantly induced by DEX treatment when compared to 

primary hepatocytes. The very high expression of CYP3A4 confirms the effect of DEX on the 

maturation of cells besides its impact on cytochrome p450 enzyme induction. The effect of 

SGK1F overexpression at day 16 without DEX via the standard protocol was also compared. 

Q-RT-PCR results exhibited that SGK1F overexpression did not enhance hepatocyte-like 

maturation, though there was a significant difference in the expression of AFP, CYP3A7 in 

AdV-SGK1F infected cells in comparison to AdV-null infected cells. This was consistent with 

previous findings that SGK1F overexpression results in hepatocyte dedifferentiation.  

Taken together, the effect of expressing SGK1F in human iPSC-derived cells contrasts with its 

effects when expressed in B-13 cells. However, these effects on stem cells suggest that the role 

of Sgk1 in B-13 cell differentiation to B-13/H cells is likely associated with the induction of a 

(transient) hepatoblast-like phenotype. Previous investigations in B-13 cells suggest that Sgk1 

cross-talks with the WNT signalling pathway through phosphorylation of β-catenin and thereby 

to reduced Tcf/Lef transcriptional activity 218 . However, it was also noted that these effects 

were transient and that WNT signalling activity (and Wnt3a expression, likely acting in an 
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autocrine fashion in B-13 cells) returned to near B-13 levels in B-13/H cells. However, the 

effect of dexamethasone (which SGK1 induces) is confirmed as an hepatic maturation inducer. 

The data in this chapter support a significant role for SGK1 that extends beyond what has 

continuously been considered SGK1’s primary function (the control of ion transport across 

membranes). Understanding the mechanism underlying the involvement of SGK1 in promoting 

the hepatoblast differentiation and reversal of hepatocyte-like cells into the hepatoblasts stage 

in stem cells directed to differentiate into hepatocyte-like cells could help to improve stem cells 

differentiation to hepatoblast and to improve primary hepatocyte in vitro culturing.
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 General Discussion  

A common difficulty experienced with stem cell-derived differentiated cells in vitro is their 

maturation into completely differentiated phenotypes that quantitatively exhibit the function of 

cells in vivo or straight after isolation from tissues 352,353,354. The primary functional cell of the 

liver – hepatocytes – is a paradigm of this setback 355. Hepatocytes in vivo are extremely 

metabolically active and play a diverse range of functions (many of which are specific to this 

cell type). Stem cell-derived hepatocyte-like cells may resist functioning as hepatocytes in vitro 

for several reasons. These include sub-optimal differentiation protocols; a sub-optimal in vitro 

environment (e.g. extracellular matrix, appropriate cell-cell contacts, cell density) and abnormal 

levels of regulating factors (e.g. hormones controlling gene expression). Together they 

stimulate a de-differentiation process, a response also faced when hepatocytes are isolated from 

undamaged organs and placed under the same environments in vitro 355. These problems have 

resulted in comprehensive attempts to modify the in vitro environment in order to generate 

and/or preserve hepatic functionality (e.g. co-culture systems 345, 3D culture systems 345 and 

flow cultures 293 etc). 

Liver disease models and stem cell-derived hepatocyte-like-cellsimplantation experiments 

suggest that stem/progenitor cell-derived cells maintain the capacity to function sufficiently as 

hepatocytes (when in the appropriate in vivo environment) 356,357,358. Thus, the degree to which 

stem cell-derived hepatocytes will find widespread exploitation for in vitro studies (e.g. drug 

metabolism and toxicity studies), will rely on how complicated and expensive it will be to copy 

the in vivo environment in culture systems. 

An alternative method for generating more mature phenotypes in vitro is via forced over-

expression of suitable transcription factors. The AR42J-B13 (B-13) cell provides reliability for 

this condition, given that B-13 cells are capable of differentiating into a mature hepatocyte 

phenotype (B-13/H cells) without a complex cultural environment. 

In response to glucocorticoids, B-13 cell replication ceases, changes occur morphologically and 

several of the genes specific to hepatocytes are expressed at levels quantitatively comparable 

to normal rat hepatocytes 198,200,218,323. The mechanism controlling this differentiation includes 

an activation of the glucocorticoid receptor; critical epigenetic alterations; induction of 

serine/threonine protein kinase 1 (Sgk1); Sgk1-dependent repression of constitutive WNT cell 

signalling activity and expression of a host of transcription factors that drive the hepatic 

phenotype 218,226,326. This response takes place on simple plastic substrata [although it may also 
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occur in 3D and is enhanced by extracellular matrix 359 and in comparison to normal hepatocytes 

is not reversed by de-differentiation, at least for several weeks 218. 

The rat Sgk1 gene is at present known to encode three validated mRNA transcripts and possibly 

one further transcript [NCBI database, see also Table 3.3]. All four transcripts encode an 

identical core amino acid sequence and differ only in their N terminal amino acid sequences.   

It is not known whether the Sgk1 isoforms have other functions; however, only the rat Sgk1c 

transcript appears to be irreversibly induced in B-13 cells after exposure to glucocorticoid 326. 

This finding proposes that endogenous Sgk1c may be accountable for its differentiating effects 

in B-13 cells. This is supported by the high expression of the murine orthologue of Sgk1c in 

pancreatic tissue from transgenic mice with high levels of circulating endogenous 

glucocorticoids (these mice experience the transdifferentiation of the pancreatic exocrine tissue 

into hepatocyte-like cells ), whereas wild type mice expressed neither liver markers nor Sgk1c 

mRNA 231. 

Selected isoforms of Sgk1 (including SGK1F) have been shown to substitute for glucocorticoid 

and be critical for promoting differentiation to B-13/H cells 226. Similarly, high levels of SGK1F 

mRNA transcripts were detected in the pancreas from a patient treated for many decades with 

systemic glucocorticoid experienced a degree of hepatic differentiation 227. These data have 

driven the focus on SGK1F. Accordingly, this thesis hypothesises that the expression of the 

human SGK1F isoform will promote and maintain a hepatocyte phenotype in human stem cells 

directed to differentiate into hepatocyte-like cells. Additionally, cDNA for SGK1F transcript 

was cloned into a replication-deficient adenoviral genome to introduce the genetic material 

(SGK1F) into B-13 cells and iPSCs (AD3 cells) directed to differentiate to hepatocyte-like cells. 

The data in this thesis demonstrate that glucocorticoid receptor antagonist (Ru486) prevented 

DEX-dependent trans-differentiation of B-13 cells into B1-13/H cells. This data support that 

the effect of DEX on transdifferentiation are mediated through the GR 226. Moreover, the data 

demonstrate that B-13 cells treated with 10nM DEX treatment resulted in a significant decrease 

in WNT signalling. Moreover, in addition to the DEX effect on WNT signalling repression, it 

has also resulted in β-catenin phosphorylation which is consistent with findings of Wallace et 

al 231. Antagonising progesterone receptor with RU486 have the same effect as DEX on WNT 

signalling. However, both RU486 and DEX repressed WNT signalling, and only DEX 

converted B-13 cells into B-13/H cells. This effect is probably because exposing B-13 cells to 

glucocorticoid leads to a Gr-dependent pulse in DNA methylation and possibly other epigenetic 
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changes, such as histone modifications that results in the constitutive expression of Sgk1c and 

the irreversible reprogramming of B-13 cells into B-13/H cells 326. 

The data in this thesis reveals that B13 cells are readily infected with adenovirus. However, 

marked toxicity was observed with high MOIs. Therefore, the repeated infection strategy was 

employed in B-13 cells to maximise infection and SGK1F expression and minimise cell death. 

The data also demonstrates that adenoviral-mediated SGK1F expression in B-13 cells induces 

their differentiation into B-13/H cells, similar to their response to exposure to glucocorticoid 

also suggesting that Sgk1 activity is crucial in B13 conversion into B-13/H. Accordingly, 

SGK1F is implicated in the transdifferentiation of B-13 cells into B-13/H hepatocyte-like cells. 

Furthermore, the role of Sgk1 kinase activity in B-13 cells and WNT signalling was further 

tested by examining the effect of AdV-hSGK1F overexpression on WNT signalling 

transcriptional activity. Data in this thesis demonstrated a regulatory role for Sgk1 (SGK1F) in 

WNT signalling changes and suggested that SGK1F overexpression is upstream of β-catenin 

phosphorylation changes. The likelihood is therefore that the conversion of B-13 cells into B-

13/H cells in response to glucocorticoid is associated with Sgk1 induction and WNT signalling 

changes. Taken together, these data therefore support the proposed glucocorticoid-dependent 

mechanism for converting B-13 cells into B-13/H cells, as schematically outlined in Figure 8, 

involving glucocorticoid receptor activation, Sgk1 induction, phosphorylation of β-catenin and 

suppression of endogenously high WNT signalling activity in B-13 cells. 

The data in this thesis obtained by investigating (for the first time) the effect of adenoviral-

mediated expression of SGK1F on iPSCs (AD3 cells) directed to differentiate into hepatocyte-

like cells, propose that the expression of SGK1F did not influence differentiation to endoderm 

immediately after induction of stem cells differentiation into the endodermal stage. Even though 

this might be due to low levels of cells infection at this stage of development. Limited trial and 

error led us to the conclusion that MOI of 20 gave the best infection rates whilst limiting 

significant losses in cell viability. We were limited to the range of pilot studies we could 

perform because there were limitations to the number of iPSCs that could be generated each 

time and accordingly, limitations on examining the many potential variables impacting on 

optimal infection and gene expression. Conversely, expression of SGK1F in iPSCs-derived 

endoderm directed to differentiate into hepatoblasts phenotype resulted in promotion to an 

hepatoblast phenotype. Regardless of this maturing impact in endoderm, late expression of 

SGK1F in iPSCs-derived hepatocytes resulted in the boosted hepatoblast phenotype. According 

to this, SGK1F expression does not act to promote an increase in the maturation of stem cell-

derived terminally differentiating hepatocytes. Instead, SGK1F expression promoted the 
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formation of hepatoblasts from both endoderm and hepatocytes. Therefore, these effects in stem 

cells suggest that the role of Sgk1 in B-13 cell differentiation to B-13/H cells is likely associated 

with the induction of a (transient) hepatoblast-like phenotype. The exact timepoints not 

analysed throughout in chapter 5 because of limitations in the number of iPSCs that can be 

matured. In addition, sometimes the RNA concentration selected was too low or lack purity, 

which required some flexibility around the day of culture used for some analyses. 

In conclusion, the effect of expressing SGK1F in human iPSC-derived cells appears 

contrasting to its effects when expressed in B-13 cells; however, these effects in stem cells 

suggest that the role of Sgk1 in B-13 cell differentiation to B-13/H cells is likely associated 

with the induction of a (transient) hepatoblast-like phenotype. Preceding investigations in B-13 

cells indicate that Sgk1 cross-talks with the WNT signalling pathway via phosphorylation of β-

catenin to reduce Tcf/Lef transcriptional activity 218. Though it was also observed that these 

effects were transient and that WNT signalling activity (and Wnt3a expression, possibly acting 

in an autocrine fashion in B-13 cells) returned to near B-13 levels in B-13/H cells. Besides, 

glucocorticoid exposure in B-13 cells initiates an epigenetic change(s) that accounts for the 

inability of B-13/H cells to revert to B-13 cells (and which may also be critical for their near 

quantitative functional trans-differentiation into hepatocytes)326 (Figure 6.1). However, adding 

dexamethasone at the hepatoblast stage somewhat enhanced the stem cells maturity which is 

judged by the expression of higher expression level albumin in comparison to the no DEX 

treated cells. Future work could be directed to identifying what factors induce SGK1C and to 

identifying the precise epigenetic changes controlling Sgk1c expression in B-13 cells. Ideally, 

one would sequence the entire genome, however, this is impractical and remains costly at 

present. Additional work could examine why specific isoforms (sgk1c and SGK1F) interact 

with β-catenin, lead to β-catenin phosphorylation and result in a suppression of WNT 

signalling  Although, there is no significant amino acid sequence similarity between SGK1F 

and SGK1C N- terminal sequences, peptides of these proteins sequences could be constructed 

and transfected to B-13 cells to examine their effect on beta-catenin phosphorylation using 

an immunoprecipitation technique. Moreover, SGK1F overexpression could be used to 

enhance B-13 transdifferentiation into B-13/H cells and to promote the hepatoblasts stage to 

improve the stem cells differentiation (to hepatoblasts) prior to conversion into hepatocyte-

like cells. 
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Figure 6.1: Proposed role of Sgk1 in B-13 differentiation and effects of SGK1F on human 
iPSC differentiation. 
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Appendix A. List of DNA oligonucleotide sequences employed in RT-
PCR 

Oligo ID  Primer sequence (5'-3')  Comments  

                    primers for examining hiPSC to hepatocyte differentiation 

hOCT4 US GTGGAGGAAGCTG

ACAACAA 

 

 

 

Will hybridise to 

human OCT4 

cDNA sequence 

[NM_002701.6] and 

amplify a fragment of 

120 bp.360 

DS ATTCTCCAGGTTGC

CTCTCA 

 

hSOX2 US TTCATCGACGAGGCTA
AGCG 

 

Will hybridise to 

human SOX2 cDNA 

sequence 

[NM_003106] and 

amplify a fragment of 

255bp. 

DS CATCATGCTGTAG

CTGCCGT 

 

Nanog US AATGGTGTGACGC

AGGGATG 

 

Will hybridise to 

human Nanog 

homeobox (NANOG), 

transcript variant 

2, cDNA sequence 

NM_001297698.1 and 

amplify a fragment of 

148 bp. 

DS TGCACCAGGTCTG

AGTGTTC 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=663071049
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Oligo ID  Primer sequence (5'-3')  Comments  

hSOX17 US CAAGGGCGAGTCCCGT
ATC 

 

Will hybridise to 

human SOX17 cDNA 

sequence 

[NM_022454] and 

amplify a fragment of 

132bp. 

DS CACGACTTGCCCA

GCATCTTG 

 

hFOXA2 US ACTGTTTCCTGAA

GGTGCCC 

 

Will hybridise to 

human FOXA2 cDNA 

sequence transcript 

variant 1[NM_021784] 

and transcript variant 2 

[NM_153675] to 

amplify a fragment of 

224bp. 

DS CTCCCCGAGTTGAGCC
TGTG 

hHHEX US CCCTGGGCAAACCTCT
ACTC 

 

Will hybridise to 

human HHEX cDNA 

sequence 

[NM_002729] and 

amplify a fragment of 

227bp. 

DS TCTCCTCCATTTAG

CGCGTC 

 

hHNF4A US GGACATGGCCGAC

TACAGTG 

 

Will amplify sequence 

of 198 bp of human 

hepatocyte nuclear 

factor 4 alpha 

(HNF4A), transcript 

variant 2 

(NM_000457.4 ) 

DS CTCGAGGCACCGTAGT
GTTT 
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Oligo ID  Primer sequence (5'-3')  Comments  

hHNF4A US TCCCCATCAGAAGGCA
CCAACCT 

 

Will amplify sequence 

of 110 bp of human 

hepatocyte nuclear 

factor 4 alpha 

(HNF4A),  

NM_000457.4  

DS CAGCTCGAGGCAC

CGTAGTG 

 

hCEBPα  

 

 

US CCAGTGACAATGA

CCGCCT 

 

Will amplify sequence 

of 105 bp of human 

CCAAT enhancer 

binding protein beta 

(CEBPA), transcript 

variant 

1(NM_004364.4  ) 

 

DS CCTTGACCAAGGAGCT
CTC 

 

hCEBPB 

 

US CCAGCCACCAGCCCCC
TCACTAATA 

Will amplify sequence 

of 264 bp of human 

CCAAT enhancer 

binding protein beta 

(CEBPB), transcript 

variant 1, mRNA 

NM_005194.3 

 

DS CCAAGCAGTCCGCCTC
GTAGT 

hAFP US TGCAGCCAAAGTG

AAGAGGGAAGA 

 

Will amplify sequence 

of 217bp 361 

 

DS CATAGCGAGCAGCCCA
AAGAAGAA 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=385298689
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=551894987
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=356640243
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Oligo ID  Primer sequence (5'-3')  Comments  

 

hCYP3A7 

US 

 

TTCACAAACCGGAGGC
CTTT 

 

Will hybridise to human 

CYP3A7 cDNA 

sequence [NM_000765] 

and amplify a fragment 

of 361bp. 
DS GAGAGAACGAATGGA

TCTAATGGA 

 
hCK19 US CAGCTTCTGAGAC

CAGGGTT 

 

Will hybridise to human 

CK19 cDNA sequence 

[NM_002276.4] and 

amplify a fragment of 

725 bp DS GCCCCTCAGCGTA

CTGATTT 

hCPSI US CTGGAGAGGTGGC

TTGCTTT 

 

Will hybridise to human 

Cps1  cDNA sequence ( 

NM_001122633.2) and 

amplify a fragment of 

125 bp DS TCTTGGCCGGAAT

GATTGCT 

hAlbumin US CTTGAATGTGCTGATG
ACAGG 

 

Will amplify sequence 

of 157bp 362. 

DS GCAAGTCAGCAGGCAT
CTCAT 

 
hCYP3A4 US CTTCATCCAATGG

ACTGCATAAAT 

 

Will amplify sequence 

of 87bp 363. 

 

DS TCCCAAGTATAAC

ACTCTACACAGAC

AA 
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Oligo ID  Primer sequence (5'-3')  Comments  

hCYP3A4 US TGTCCTACCATAA

GGGCTTTTGTAT 

 

Will amplify sequence 

of 136 bp Human 

cytochrome P450 

family 3 subfamily A 

member 4 (CYP3A4), 

transcript variant 2,( 

NM_001202855.2) 

DS TTCACTAGCACTGT

TTTGATCATGTC 

hCYP2E1 US TCCTTCACCCGGTT

GGCCCA 

 

Will amplify sequence 

of 93 bp cytochrome 

P450 family 2 

subfamily E member 1 

(CYP2E1), 

(NM_000773.4) 
DS CACCGCCTTGTAGCCG

TGCA 

hCYP2E1 

 

 

 

 

US ACGGTATCACCGT

GACTGTGG 

 

Will hybridise to human 

CYP2E1  cDNA 

sequence 

(NM_000773.4) and 

amplify a fragment of 

183 bp 
DS GCATCTCTTGCCTA

TCCTTGA 

 

hCYP1A2 US  

TCTTTGGAGCAGG

ATTTGAC 

 

 

Will amplify sequence of 80 
bp cytochrome P450 family 
1 subfamily A member 2 
(CYP1A2), NM_000761.5 

DS CTGTATCTCAGGCT

TGGTCAC 

 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1444964685
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Oligo ID  Primer sequence (5'-3')  Comments  

hCYP2C19 

 

US TCTGTCCCGCCCTTCTA
TCA 

 

Will amplify sequence of 
116 bp  of cytochrome P450 
family 2 subfamily C 
member 19 (CYP2C19) 
NM_000769.4 DS AGATAGTGAAATTTGG

ACCAGAGGA 
Primers for B-13 and B-13/H cells 

r-Pgr US GGACTCTCCACAC

ATCTGGC 

 

Will amplify rat  Rattus 

norvegicus 

progesterone receptor 

(Pgr) (NM_022847.1) 

cDNA sequence of 141 

bp 
DS CCAGGGAGATCGG

TATTGGC 

r-PXR 

 

US GCTCCTGCTGGACCCG
TTGA 

 

Will amplify Rattus 
norvegicus nuclear receptor 
subfamily 1, group I, 
member 2 (Nr1i2 ( 
NM_052980.2)115) cDNA 
sequence of 115bp  

DS GCCAGGGCGATCTGGG
GAGAA 

rCpsI 

 

US TGTGAAGGTCTTG

GGAACATCGGT 

 

Will hybridise to rat CpsI 
cDNA (NM_017072.1) 
sequence of 173bp at 59° C 
to produce a single 
amplimer 326.  

 
DS CGCATTCCAACAG

GTCGCCG   

 
rcyp2e1 US ACCCCATGAAGCAACC

AGAG 

 

Will hybridise to rat 
cyp2e1 cDNA 
sequence 
[NM_031543.] and 
amplify a fragment of 
86 bp. 
 

 

DS AGAGGGAGTCCAG

AGTTGGAA 

 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1464923610
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Oligo ID  Primer sequence (5'-3')  Comments  

rmcyp2e1 

 

 

 

US TCGACTACAATGA

CAAGAAGTGT  

 

Will amplify a rat 

CYP2E (NM_031543) 

cDNA sequence of 

525bp 197  DS CAAGATTGATGAA

TCTCTGGATCTC 

 
rAlbumin US TGGTCGCAGCTGTCCG

TCAGA 
Will hybridise to rat 

albumin cDNA 

(NM_134326.2) 

sequence of 192bp at 

61°C to produce a 

single amplimer326. 

 

DS CGCATTCCAACAGGTC
GCCG 

SGK1 
hSGK1a (w/t) US  

 CGAGCCGGTCTTTG   

CGAGCCGGTCTTTGAG
CGCTAAC 

Will amplify 118bp of 

human SGK1 variant 1 

mRNA 

(NM_005627.3). 

Also referred to as 

SGK1A and wild type 

sequence 364 

DS GAATTGCCACCAT

GCCCCTCATCC 

 

 

hSGK1b 

 

 

US AAAAGGCGTTTTC

GGAAGCGACCC 

 

Will amplify 140bp of 

human SGK1 variant 4 

mRNA 

(NM_001143678.1). 

Also referred to as 

SGK1B 364 

 

DS CAGACGAGAGCGA

CCGGCGAG 
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Oligo ID  Primer sequence (5'-3')  Comments  

hSGK1c 

 

US GAACAGGGATAGC

CGTCTCTGGC 

 

Will amplify 121bp of 

human SGK1 variant 3 

mRNA(NM_00114367

7.1). Also referred to as 

SGK1C 364 

 

DS TTCTGGAGGCTGG

AGGTAGAGCC 

 
hSGK1d 

 

US CCCTCTGCCTTTCT

GGCGCTGTTC 

 

Will amplify 140bp of 

human SGK1 variant 2 

(NM_001143676.1). 

Also referred to as 

SGK1D 364 
DS CTGGAGGCGGCTTGAG

AGAGGAG 

 
hSGK1f 

 

US TCTCCTCCTTCATC

CACAGCTTTCA 

 

Will amplify 211bp of 

human SGK1F mRNA 

( FM205710.1)364 

DS TGGACGACGGGCC

AAGGTTG 

 
rSGK1a  

 

US CTGCTCGAAGTAC

CCTCACC  

 

Will amplify rat 
(NM_019232) Sgk1acDNA 
sequence of 128 bp226 

 

DS GCATGCATAGGAGTTG
TTGG   
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Oligo ID  Primer sequence (5'-3')  Comments  

rSGK1b 

 

US GCCACAAAAAGCG

AGTG 

 

 

Will amplify rat Sgk1b 

cDNA sequence of 131 

bp 226 

 

DS GCATGCATAGGAGTTG
TTGG  

    
rSgk1c 

 

US AAGTAACCCCAGCCTT
CACC 

 

Will amplify rat Sgk1c - 
also referred to as variant 2 
(NM_001193569.1) cDNA 
sequence of 143bp 226 

DS GCATGCATAGGAGTTG
TTGG 

rsgk1 like loc 

 

US TGCCATCTGACAA

TGGGGAC 

 

LOC102551865 serine

/threonine-protein 

kinase Sgk1-like 

Will amplify rat Sgk1 

like loc  cDNA 

sequence of 379 bp 

 

DS GTTCTGCGGTGTG

CCTTTTC 

 

rsgk1 x2 

 

US CCCACTGGAACCT

ACACAATCA 

Will amplify rat Sgk1 

X2  ( 

XM_006227723.1)  

cDNA sequence of 226 

bp 

 

DS GTAAGCATCACCG

CAACAGG 
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Oligo ID  Primer sequence (5'-3')  Comments  

Housekeeping genes 

rmhGAPDH US GACATCAAGAAGGTGG
TGAAG 

 

Will hybridise to 

human GAPDH cDNA 

sequence 

[NM_001256799, 

NM_001289745, 

NM_001289746, 

NM_001357943 and 

NM_002046] and 

amplify fragments all 

of  180bp. 

DS TTGTCATACCAGGAAA
TGAGCT 

rmhGAPDH  

 

US TGACATCAAGAAGGTG
GTGAAG 

 

Will amplify rat 

(NM_017008), human 

(NM_002046) or 

mouse 

(NM_008084) 

glyceraldehyde 3 

phosphate 

dehydrogenase cDNA 

sequence of 243bp 226 

DS TCTTACTCCTTGGAGG
CCATGT 

GAPDH US GAAGGTGAAGGTCGG

AGTCAAC 
Will amplify fragments 

78 bp of   human 

GAPDH cDNA363 

 

 

DS CAGAGTTAAAAGCAGC

CCTGGT 

All primer sets listed were run for 35 cycles at an annealing temperature of 55°C 
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Appendix B. Rat and human Sgk1 proteins sequences (raw sequence data ) 

Rat Sgk1 protein sequences 

>NP_001180497.1 serine/threonine-protein kinase Sgk1 isoform 1 [Rattus 
norvegicus] 
MGEMQGALARARLESLLRPRHKKRVEAQKRSESVLLSGLAFMKQRRMGLNDFIQKLANNSYACKHPEVQSYLKIS
QPQEPELMNANPSPPPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEAFYAVKVLQKKAILK
KKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEIASALG
YLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNGTTSTFCGTPEYLAPEVLHKQPYDRTVDWWCLGAV
LYEMLYGLPPFYSRNTAEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHIFFSLINWD
DLINKKITPPFNPNVSGPSDLRHFDPEFTEEPVPSSIGRSPDSILVTASVKEAAEAFLGFSYAPPMDSFL 
 
>NP_001180498.1 serine/threonine-protein kinase Sgk1 isoform 2 [Rattus 
norvegicus] 
MREEALRSPWKAFMKQRRMGLNDFIQKLANNSYACKHPEVQSYLKISQPQEPELMNANPSPPPSPSQQINLGPSS
NPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEAFYAVKVLQKKAILKKKEEKHIMSERNVLLKNVKHPFLVGLHF
SFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGHIVLT
DFGLCKENIEHNGTTSTFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPL
QLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHIFFSLINWDDLINKKITPPFNPNVSGPSDLRHFDPEF
TEEPVPSSIGRSPDSILVTASVKEAAEAFLGFSYAPPMDSFL 
 
>NP_062105.2 serine/threonine-protein kinase Sgk1 isoform 3 [Rattus 
norvegicus] 
MTVKTEAARSTLTYSRMRGMVAILIAFMKQRRMGLNDFIQKLANNSYACKHPEVQSYLKISQPQEPELMNANPSP
PPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEAFYAVKVLQKKAILKKKEEKHIMSERNVL
LKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEIASALGYLHSLNIVYRDLKP
ENILLDSQGHIVLTDFGLCKENIEHNGTTSTFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSR
NTAEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHIFFSLINWDDLINKKITPPFNPN
VSGPSDLRHFDPEFTEEPVPSSIGRSPDSILVTASVKEAAEAFLGFSYAPPMDSFL 
 
>XP_006227785.1 PREDICTED: serine/threonine-protein kinase Sgk1 isoform X1 
[Rattus norvegicus] 
MVNKDMNGFPVKKCSAFQFFKKRVRRWIKSPMVSVDKHQSPNLKYTGPAGVHLPPGEPDFEPALCQSCLGDHTFQ
RGMLSPEESRSWEIQPGGEVKEPCNHANILTKPDPRTFWTSDDPAFMKQRRMGLNDFIQKLANNSYACKHPEVQS
YLKISQPQEPELMNANPSPPPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEAFYAVKVLQK
KAILKKKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEI
ASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNGTTSTFCGTPEYLAPEVLHKQPYDRTVDWW
CLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHIFFS
LINWDDLINKKITPPFNPNVSGPSDLRHFDPEFTEEPVPSSIGRSPDSILVTASVKEAAEAFLGFSYAPPMDSFL 
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CLUSTAL O(1.2.4) multiple sequence alignment of rat Sgk1 protein sequences 

 
 
4      MVNKDMNGFPVKKCSAFQFFKKRVRRWIKSPMVSVDKHQSPNLKYTGPAGVHLPPGEPDF 60 
3      ------------------------------------------------------------ 0 
1      ------------------------------------------------------------ 0 
2      ------------------------------------------------------------ 0 
                                                                    
 
4      EPALCQSCLGDHTFQRGMLSPEESRSWEIQPGGEVKEPCNHANILTKPDPRTFWTSDDPA 120 
3      ----------------------------M-----TVKTEAARSTLTYS-RMRGMVAILIA 26 
1      --------MGEM---QGALARAR---LES-----LLRPRHKKRVEAQK-RSESVLLSGLA 40 
2      -----------------------------------------------M-REEALRSPWKA 12 
                                                                  * 
 
4      FMKQRRMGLNDFIQKLANNSYACKHPEVQSYLKISQPQEPELMNANPSPPPSPSQQINLG 180 
3      FMKQRRMGLNDFIQKLANNSYACKHPEVQSYLKISQPQEPELMNANPSPPPSPSQQINLG 86 
1      FMKQRRMGLNDFIQKLANNSYACKHPEVQSYLKISQPQEPELMNANPSPPPSPSQQINLG 100 
2      FMKQRRMGLNDFIQKLANNSYACKHPEVQSYLKISQPQEPELMNANPSPPPSPSQQINLG 72 
       ************************************************************ 
 
4      PSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEAFYAVKVLQKKAILKKKEEKHIMSE 240 
3      PSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEAFYAVKVLQKKAILKKKEEKHIMSE 146 
1      PSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEAFYAVKVLQKKAILKKKEEKHIMSE 160 
2      PSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEAFYAVKVLQKKAILKKKEEKHIMSE 132 
       ************************************************************ 
 
4      RNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEI 300 
3      RNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEI 206 
1      RNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEI 220 
2      RNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEI 192 
       ************************************************************ 
 
4      ASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNGTTSTFCGTPEYLAP 360 
3      ASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNGTTSTFCGTPEYLAP 266 
1      ASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNGTTSTFCGTPEYLAP 280 
2      ASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNGTTSTFCGTPEYLAP 252 
       ************************************************************ 
 
4      EVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQLKPNITNSARH 420 
3      EVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQLKPNITNSARH 326 
1      EVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQLKPNITNSARH 340 
2      EVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQLKPNITNSARH 312 
       ************************************************************ 
 
4      LLEGLLQKDRTKRLGAKDDFMEIKSHIFFSLINWDDLINKKITPPFNPNVSGPSDLRHFD 480 
3      LLEGLLQKDRTKRLGAKDDFMEIKSHIFFSLINWDDLINKKITPPFNPNVSGPSDLRHFD 386 
1      LLEGLLQKDRTKRLGAKDDFMEIKSHIFFSLINWDDLINKKITPPFNPNVSGPSDLRHFD 400 
2      LLEGLLQKDRTKRLGAKDDFMEIKSHIFFSLINWDDLINKKITPPFNPNVSGPSDLRHFD 372 
       ************************************************************ 
 
4      PEFTEEPVPSSIGRSPDSILVTASVKEAAEAFLGFSYAPPMDSFL 525 
3      PEFTEEPVPSSIGRSPDSILVTASVKEAAEAFLGFSYAPPMDSFL 431 
1      PEFTEEPVPSSIGRSPDSILVTASVKEAAEAFLGFSYAPPMDSFL 445 
2      PEFTEEPVPSSIGRSPDSILVTASVKEAAEAFLGFSYAPPMDSFL 417 
       ********************************************* 
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Human SGK1 protein sequences 

Note: Transcripts from isoform 1 and isoform 5 generate the same N terminus but differ in that 

isoform 5 lacks an internal 44 residues present in all other proteins.  

>NP_005618.2 serine/threonine-protein kinase Sgk1 isoform 1 [Homo sapiens] 
MTVKTEAAKGTLTYSRMRGMVAILIAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKISQPQEPELMNANPSP
PPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQKKAILKKKEEKHIMSERNVL
LKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEIASALGYLHSLNIVYRDLKP
ENILLDSQGHIVLTDFGLCKENIEHNSTTSTFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSR
NTAEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINWDDLINKKITPPFNPN
VSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFSYAPPTDSFL 

>NP_001137148.1 serine/threonine-protein kinase Sgk1 isoform 2 [Homo sapiens] 
MVNKDMNGFPVKKCSAFQFFKKRVRRWIKSPMVSVDKHQSPSLKYTGSSMVHIPPGEPDFESSLCQTCLGEHAFQ
RGVLPQENESCSWETQSGCEVREPCNHANILTKPDPRTFWTNDDPAFMKQRRMGLNDFIQKIANNSYACKHPEVQ
SILKISQPQEPELMNANPSPPPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQ
KKAILKKKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAE
IASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNSTTSTFCGTPEYLAPEVLHKQPYDRTVDW
WCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFF
SLINWDDLINKKITPPFNPNVSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFSYAPPTDSF
L 
 
>NP_001137149.1 serine/threonine-protein kinase Sgk1 isoform 3 [Homo 
sapiens] 
MSSQSSSLSEACSREAYSSHNWALPPASRSNPQPAYPWATRRMKEEAIKPPLKAFMKQRRMGLNDFIQKIANNSY
ACKHPEVQSILKISQPQEPELMNANPSPPPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEV
FYAVKVLQKKAILKKKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEP
RARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNSTTSTFCGTPEYLAPEVLHKQ
PYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFM
EIKSHVFFSLINWDDLINKKITPPFNPNVSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFS
YAPPTDSFL 
 
>NP_001137150.1 serine/threonine-protein kinase Sgk1 isoform 4 [Homo 
sapiens] 
MGEMQGALARARLESLLRPRHKKRAEAQKRSESFLLSGLAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKIS
QPQEPELMNANPSPPPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQKKAILK
KKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEIASALG
YLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNSTTSTFCGTPEYLAPEVLHKQPYDRTVDWWCLGAV
LYEMLYGLPPFYSRNTAEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINWD
DLINKKITPPFNPNVSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFSYAPPTDSFL 
 
>NP_001278924.1 serine/threonine-protein kinase Sgk1 isoform 5 [Homo sapiens] 
MTVKTEAAKGTLTYSRMRGMVAILIAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKISQPQEPELMNANPSP
PPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQKKAILKKKELFYHLQRERCF
LEPRARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNSTTSTFCGTPEYLAPEVL
HKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKD
DFMEIKSHVFFSLINWDDLINKKITPPFNPNVSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFL
GFSYAPPTDSFL 
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CLUSTAL O(1.2.4) multiple sequence alignment of human SGK1 protein sequences 

 
 
 
2      MVNKDMNGFPVKKCSAFQFFKKRVRRWIKSPMVSVDKHQSPSLKYTGSSMVHIPPGEPDF 60 
4      --------------------------------------------------------MGEM 4 
3      --------------------------------------------------------MSSQ 4 
1      ------------------------------------------------------------ 0 
5      ------------------------------------------------------------ 0 
                                                                    
 
2      ESSLCQTCLGEHAFQRGVLPQENESCSWETQSGCEVREPCNHANILTKPDPRTF------ 114 
4      QGALA----------------------RARL---ESLLR---PRHK-------KRAEAQK 29 
3      SSSLSE------------------ACSREAYSSHNWALP---PASRSNPQPAYPWATRRM 43 
1      -------------------------------------MT----VKTEAAKGTLT----YS 15 
5      -------------------------------------MT----VKTEAAKGTLT----YS 15 
                                                                    
 
2      ----WTNDDPAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKISQPQEPELMNANPSP 170 
4      RSESFLLSGLAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKISQPQEPELMNANPSP 89 
3      KEEAIKPPLKAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKISQPQEPELMNANPSP 103 
1      RMRGMVAILIAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKISQPQEPELMNANPSP 75 
5      RMRGMVAILIAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKISQPQEPELMNANPSP 75 
                 ************************************************** 
 
2      PPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQKKAIL 230 
4      PPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQKKAIL 149 
3      PPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQKKAIL 163 
1      PPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQKKAIL 135 
5      PPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQKKAIL 135 
       ************************************************************ 
 
2      KKKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFL 290 
4      KKKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFL 209 
3      KKKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFL 223 
1      KKKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFL 195 
5      KKK--------------------------------------------ELFYHLQRERCFL 151 
       ***                                            ************* 
 
2      EPRARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNSTTS 350 
4      EPRARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNSTTS 269 
3      EPRARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNSTTS 283 
1      EPRARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNSTTS 255 
5      EPRARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGHIVLTDFGLCKENIEHNSTTS 211 
       ************************************************************ 
 
2      TFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQ 410 
4      TFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQ 329 
3      TFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQ 343 
1      TFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQ 315 
5      TFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNILNKPLQ 271 
       ************************************************************ 
 
2      LKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINWDDLINKKITPPFNPN 470 
4      LKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINWDDLINKKITPPFNPN 389 
3      LKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINWDDLINKKITPPFNPN 403 
1      LKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINWDDLINKKITPPFNPN 375 
5      LKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINWDDLINKKITPPFNPN 331 
       ************************************************************ 
 
2      VSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFSYAPPTDSFL 526 
4      VSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFSYAPPTDSFL 445 
3      VSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFSYAPPTDSFL 459 
1      VSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFSYAPPTDSFL 431 
5      VSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFSYAPPTDSFL 387 
       ******************************************************** 
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SGK1F forms 

 
>CAR58098.1 serum/glucocorticoid regulated kinase 1 variant F [Homo 
sapiens] 
MKPSKRFFISPPSSTAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKISQPQEPELMNANPSPPPSPSQQINL
GPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQKKAILKKKEEKHIMSERNVLLKNVKHPFLV
GLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGH
IVLTDFGLCKENIEHNSTTSTFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNTAEMYDNIL
NKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINWDDLINKKITPPFNPNVSGPNDLRHF
DPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFSYAPPTDSFL 
 
>AdV-encoded_SGK1F 

MDYKDDDDKKPSKRFFISPPSSTAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKISQPQEPELMNANPSPPP

SPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAEEVFYAVKVLQKKAILKKKEEKHIMSERNVLLK

NVKHPFLVGLHFSFQTADKLYFVLDYINGGELFYHLQRERCFLEPRARFYAAEIASALGYLHSLNIVYRDLKPEN

ILLDSQGHIVLTDFGLCKENIEHNSTTSTFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSRNT

AEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINWDDLINKKITPPFNPNVS

GPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLGFSYAPPTDSFL 

 

CLUSTAL O(1.2.4) multiple sequence alignment of SGK1F (F) with human SGK1 

isoform 1 (1) 

 
 
F      ----------MKPSKRFFISPPSSTAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKI 50 
1      MTVKTEAAKGTLTYSRMRGMVAILIAFMKQRRMGLNDFIQKIANNSYACKHPEVQSILKI 60 
                     .*:        *********************************** 
 
F      SQPQEPELMNANPSPPPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAE 110 
1      SQPQEPELMNANPSPPPSPSQQINLGPSSNPHAKPSDFHFLKVIGKGSFGKVLLARHKAE 120 
       ************************************************************ 
 
F      EVFYAVKVLQKKAILKKKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYIN 170 
1      EVFYAVKVLQKKAILKKKEEKHIMSERNVLLKNVKHPFLVGLHFSFQTADKLYFVLDYIN 180 
       ************************************************************ 
 
F      GGELFYHLQRERCFLEPRARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGHIVLTD 230 
1      GGELFYHLQRERCFLEPRARFYAAEIASALGYLHSLNIVYRDLKPENILLDSQGHIVLTD 240 
       ************************************************************ 
 
F      FGLCKENIEHNSTTSTFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSR 290 
1      FGLCKENIEHNSTTSTFCGTPEYLAPEVLHKQPYDRTVDWWCLGAVLYEMLYGLPPFYSR 300 
       ************************************************************ 
 
F      NTAEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINW 350 
1      NTAEMYDNILNKPLQLKPNITNSARHLLEGLLQKDRTKRLGAKDDFMEIKSHVFFSLINW 360 
       ************************************************************ 
 
F      DDLINKKITPPFNPNVSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLG 410 
1      DDLINKKITPPFNPNVSGPNDLRHFDPEFTEEPVPNSIGKSPDSVLVTASVKEAAEAFLG 420 
       ************************************************************ 
 
F      FSYAPPTDSFL 421 
1      FSYAPPTDSFL 431 
       *********** 
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