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Zusammenfassung 

 
Alternative Pluripotente Stammzellen als Quelle für Hepatische Zellen 

 
Embryonale Stammzellen (ES) beherbergen das intrinsische Potential sich in verschiedene 

Zellarten differenzieren zu lassen. Diese Eigenschaft der sog. Pluripotenz hat ES Zellen in 

den vergangenen Jahren zu einem Forschungsschwerpunkt werden lassen. Allerdings ist die 

Nutzung humaner ES Zellen auch zu einem ethischen Thema geworden, da deren Herstellung 

die Vernichtung von Embryonen und damit potentiell menschlichen Lebens zur Folge haben 

könnte. Kürzlich wurde beschrieben, wie pluripotente Zellen aus nicht-embryonalen Quellen 

gewonnen werden können. So werden zum Beispiel parthenogenetische ES (pES) Zellen 

durch die parthenogenetische Aktivierung weiblicher Oozyten erzeugt. Männliche 

pluripotente Stammzellen können als so genannte „germline-derived pluripotent stem cells“ 

(„gPS“) aus dem adulten Hoden gewonnen werden. Des Weiteren wurde kürzlich gezeigt, 

dass viele somatische Zelltypen auf verschiedene Weise mithilfe definierter chemischer und 

biologischer Faktoren zu sogenannten induzierten pluripotenten Stammzellen (iPS-Zellen) 

reprogrammiert werden können. Sowohl pES und gPS als auch iPS gleichen den ES Zellen in 

allen Aspekten der Pluripotenz. 

 

In unserer Studie untersuchen wir das hepatische Differenzierungspotential von murinen gPS, 

pES und iPS-Zellen. Die iPS Zellen wurden aus Mausmodellen hergestellt, welche unter 

metabolischen Lebererkrankungen leiden. Dafür gewählt wurden das Fah-/- Modell, das 

„toxic milk“ („Tx“) Modell und das PiZ Modell. 

 

Im ersten Teil unserer Arbeit haben wir erfolgreich das Standard „hanging drop” 

Differenzierungsprotokoll für unsere murinen gPS und pES Zellen verwendet und haben 

dabei gezeigt, dass diese Zelllinien im Vergleich zu OG2 (Oct4-GFP) ES Zellen eine 

ähnliche Expression hepatischer Marker während der Differenzierung aufweisen. Wir haben 

dieses Protokoll auch auf iPS von den genannten drei Mausmodellen angewendet um zu 

zeigen, dass auch diese Zellen eine ähnliche Kapazität zur Expression hepatischer Marker 

haben wie ES Zellen. 

 

Um eine homogenere Population hepatischer Zellen am Ende der Differenzierung zu 

erhalten, entwickelten wir eine Zytokin-basierte Methode, welche das Signaling während der 
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embryonalen Leberentwicklung nachahmen soll. Mithilfe der Zytokine Activin A, BMP4, 

bFGF, hHGF und OSM haben wir die Differenzierung in Richtung einer homogeneren 

hepatischen Zellpopulation getrieben. Diese Methode wurde im Sinne eines Prinzipbeweises 

erfolgreich auf gPS Zellen angewendet. Diese pluripotenten Zellen und OG2 ES Zellen 

zeigten nach der Differenzierung eine vergleichbare Expression hepatischer Marker. 

 

Als Weiterführung dieses projekts verbesserten wir das Protokoll weiter durch eine 

antibiotische Selektionsstrategie mithilfe eines P(Albumin)-dTomato-Neomycin lentiviralen 

Vektors. Damit war es uns möglich, eine homogenere Population Albumin-exprimierender 

Zellen zu erhalten, welche sogleich keine zurückgebliebenen pluripotenten Zell-Cluster mehr 

aufwies. Mithilfe quantitativer reverse Transkriptase-PCR fanden wir eine ähnliche 

Expression hepatischer Marker in pES, gPS und OG2 ES Zellen nach der Differenzierung 

verglichen mit Hepa 1-6 Zellen. 

 

Diese Studie zeigt die Ähnlichkeiten des hepatischen Differenzierungspotentials 

verschiedener Quellen pluripotenter Stammzellen. Somit ist die Behandlung von Patienten 

mit Leberfunktionsstörungen mit solchen alternativen pluripotenten Stammzellen eine 

denkbare Möglichkeit und könnte in schwerwiegenden Fällen die Überlebenschancen 

erhöhen. Die Fähigkeit dieser Zellen, sich nach der Transplantation im Lebergewebe zu 

integrieren und zu vermehren, muss in Zukunft noch in einem geeigneten Mausmodell 

detailliert untersucht werden. 
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Summary  

 
Alternative Pluripotent Stem Cells as a Source of Hepatic Cells 

 

Embryonic Stem (ES) cells have the inherent ability to differentiate into various cell lineages. 

This property of pluripotency exhibited by ES cells has made them the focus of research in 

recent years. However, the use of human ES cells has also been a debatable issue since the 

propagation of these cells may involve the destruction of embryos. Recent reports have 

described the generation of pluripotent stem cells from sources other than the embryo. 

Parthenogenetic ES (pES) cells can be derived from parthenogenetic activation of the female 

oocyte. In males germline-derived pluripotent stem (gPS) cells can be obtained from the adult 

testis. Recently, fibroblasts have also been reprogrammed to a state of pluripotency with the 

help of defined factors to generate induced pluripotent stem (iPS) cells. pES, gPS and iPS 

cells are similar to ES cells with respect to all hallmarks of pluripotency. 

 

In our present study we investigate the hepatic differentiation potential of murine gPS, pES 

and iPS cells. The iPS cells have been derived from mouse models representing metabolic 

liver diseases such as the Fah-/- mouse model, toxic (Tx) milk mouse model and PiZ mouse 

model.  

 

In the first part of our study we successfully applied the standard hanging drop method of 

differentiation to the gPS and pES cells and have proved that they show similar level of 

hepatic marker expression as compared to OG2 (Oct4-GFP) ES cells. We further applied this 

Embryoid Body (EB) based method to the Fah iPS, Tx milk iPS and PiZ iPS cells to prove 

that these cells lines are similar to ES cells in their capacity to express hepatic markers on 

differentiation.  

 

In order to obtain a more homogenous population of hepatic cells we developed a cytokine-

based method, which mimics signaling events occurring during the embryonic liver 

development. Application of cytokines such as Activin A, BMP4, bFGF, hHGF and OSM, 

helped in enhancing the differentiation with regard to the homogeneity and purity of the 

desired hepatic cell population. This method was successfully applied to gPS cells as a proof 

of principle. These two pluripotent cell type showed comparable levels of hepatic marker 

expression after differentiation with respect to OG2 ES cells. 
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As a follow up of this method we further refined our protocol with the help of a selection 

strategy using an Albumin-dTomato-Neomycin lentiviral vector construct. As a result we 

were able to obtain a pure population of albumin expressing cells with complete depletion of 

pluripotent cell clusters. Quantitative reverse transcriptase PCR indicated similar levels of 

hepatic marker expression in both, the gPS and pES cells after differentiation, compared to 

Hepa 1-6 cells.  

 

This study demonstrates similarities in the hepatic differentiation potential of various sources 

of pluripotent stem cells. These alternative sources of pluripotent stem cells can therefore 

possibly be used to treat patients with liver disorders and in more severe cases could be 

useful to prolong survival. The ability of these cells to engraft and proliferate when 

transplanted into a suitable murine model needs further investigation. 
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1.   Introduction  

 

1.1 Stem Cells and Potency 

 

The Russian histologist Alexander Maximow first proposed the use of the word “stem cells” 

for scientific purposes. Stem cells can be found in all multicellular organisms. The 

uniqueness of stem cells lies in their ability to renew themselves through mitotic cell division 

and their ability to differentiate into various other cell types [1,2]. The two main categories of 

mammalian stem cells are Embryonic Stem (ES) cells and adult stem cells. In mammals, 

Embryonic Stem cells can be isolated from early embryos by harvesting the blastomeres or 

by isolating the inner cell mass (ICM) of the blastocysts and further cultivation in appropriate 

tissue culture conditions [3]. The adult stem cells on the other hand are found in adult tissues. 

 

Potency of a cell is defined as its ability to differentiate into different cell types. Totipotent 

cells are cells that can differentiate into embryonic and extraembryonic cell types and are 

able to form a complete viable organism. These cells are either produced from the fusion of 

an egg and sperm cell or by the first few divisions of the fertilized egg [4]. Pluripotency can 

be defined as the ability of self-renewing stem cells to differentiate in to the derivatives of all 

three germ layers (ectoderm, mesoderm and endoderm) (Fig. 1). In the mammalian embryo, 

the property of pluripotency first emerges in the epiblast of the late blastocyst. Pluripotent 

stem cells however fail to contribute to the extraembryonic tissue and hence are unable to 

form a complete fetus [5]. Multipotent stem cells can differentiate into various cell types only 

of a closely related family of cells.  Oligopotent stem cells are able to differentiate only into a 

few types of cells. Unipotent cells are able to produce only their own type of cells, in spite of 

having the property of self-renewal. 

 

1.1.1    Embryonic Stem (ES) Cells 

 

ES cells are pluripotent in nature. ES cells have the ability to self-renew indefinitely in vitro 

and at the same time can maintain an undifferentiated pluripotent state. ES cells also have an 

ability to colonize all different cell lineages, including the germline when re-introduced in the 

blastocyst [6-8]. The culture conditions for ES cells differ distinctly between different 

mammalian species such as mice [9], non-human primates [10], and humans [11].  
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Fig. 1: Pluripotent stem cells, isolated from the inner cell mass of the blastocyst, have the ability to give rise to 
all types of cells in the body. 

 

The mouse ES cells are able to differentiate in vitro into a variety of cell types. They have the 

capacity of self-renewal and have been shown to have a normal karyotype.  Moreover, when 

these cells are injected subcutaneously into the flank of syngenic mice, they were shown to 

form teratomas [9].  

 

In the case of non-human primates too an ES cell line was successfully established from the 

blastocyst of rhesus monkey. This ES cell line shows the property of self-renewal maintains a 

normal karyotype and shows presence of alkaline phosphatase. It also shows the ability to 

differentiate into all three layers of the germline in vitro and when injected in vivo into SCID 

mice has the ability to form tumors, thereby satisfying all hallmarks of pluripotency [10]. 

 

ES cell lines have also been developed from human blastocysts in 1998. These cell lines have 

been derived from frozen embryos, which were obtained by in vitro fertilization. These ES 

cells are reported to be similar to rhesus monkey ES cells. They also exhibit a normal XX or 

XY karyotype. They have the unique capacity of self-renewal and express pluripotency 

markers such as TRA-1-60, TRA-1-81, SSEA-3, SSEA-4 and alkaline phosphatase. They 
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exhibit the ability to form all layers of the germline upon differentiation and successfully 

form teratomas after injection into SCID mice [11].  

 

A previous study has reported the derivation of ES like cells from the rat blastocyst. 

However, these cells showed low expression of Oct4 and were not fully pluripotent. They 

were similar to trophoblast stem cells. Morphologically they resembled murine ES cells and 

showed expression of alkaline phosphatase. Although these cells were unable to form 

chimeras or differentiate into all three layers of the germline, they were able to form 

hematopoietic derivatives when injected into adult mice [12]. Later studies have however 

shown the successful derivation of ES cells from the rat blastocyst, which were able to 

contribute to germline transmission and chimera formation [13,14]. 

 

We used a murine Oct4-GFP reporter ES cell line as control cell line in our study. In these 

cells GFP expression is driven by the Oct4 promoter. ES cells obtained from these transgenic 

mice are GFP positive in the pluripotent state [15]. 

 

1.1.2 Parthenogenetic Embryonic Stem (pES) Cells 

 

Mouse parthenognetic ES cells were first described in 1983 [16,17]. The process of 

parthenogenesis is a reproductive mechanism, which is generally used by lower organisms to 

generate a live organism from an oocyte, which has been activated in the absence of sperm. 

The embryos generated from this process can only survive up to the blastocyst stage; the 

stage at which these ES cells can be isolated [18]. Mammals are the only species that have 

opted out of the process of parthenogenesis. In the case of mouse, the parthenogenetic 

embryos usually survive not beyond day 10 of gestation, since the completion of mouse 

embryogenesis requires the contribution of both maternally and paternally imprinted genes 

[19-21]. 

 

The parthenogenetic ES cells that we used in our studies were successfully derived from the 

inner cell mass of the blastocysts of C57BL/6xC3H mice after superovulation. The protocol 

described earlier by Cibelli and co-workers was followed for parthenogenetic activation of 

the oocytes from these mice. According to this protocol the oocytes were activated using 

strontium chloride and cytochalasin and then cultured in embryo culture medium until they 
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reached the blastocyst stage [22]. The zona pellucida from the unhatched blastocysts was 

removed using acidic Tyrode’s solution. The whole embryos, including the trophoblast and 

the inner cell mass were plated on MEF feeders under ES cell culture conditions, with 

splitting every 3 days using trypsin EDTA to obtain the pES cells [18]. 

 

Pluripotency of murine pES cells has been well characterized. The generation of pES cells 

has also been reported for non-human primates. These cells from mouse as well as from non-

human primates can grow indefinitely under appropriate culture conditions, are able to 

contribute to all three germ layers and have the capacity to form teratomas when injected into 

SCID mice [16,23,24]. The ability of these cells to contribute to chimera formation and 

germline transmission has also been reported [25].  

 

1.1.3 Germline-Derived Pluripotent Stem (gPS) Cells 

 

Unipotent Spermatogonial Stem Cells (SSCs) can be isolated from the neonatal and adult 

mouse testes and can be established as Germline Stem Cells (GSCs), which when cultured 

under ES cell conditions can form germline-derived pluripotent stem (gPS) cells or ES cell 

like pluripotent stem cells [26-29]. Previous reports have also discussed the dedifferentiation 

of neonatal GSCs into multipotent ES like cells [28,30,31]. We in our research have focused 

on the use of the murine gPS cell line developed by Ko et.al. for differentiation into 

hepatocytes. These cells were obtained by removal of the adult mouse testes and digestion of 

the same to single cell level. Then the cells were cultured on gelatin coated dishes for a 

period of 7 days to obtain GSCs, which were mechanically isolated and further cultured on 

MEFs in GSC medium and constantly passaged. After two weeks of culture, ES cell like 

colonies were observed, which could then be expanded as gPS cells after culture under ES 

cell conditions [27]. These cells have been shown to be similar to ES cells in morphology and 

global gene expression. The pluripotency of this cell line is exhibited by its ability to undergo 

spontaneous differentiation into all three germ layers in vitro and its ability to form teratomas 

when injected subcutaneously in vivo into athymic mice. The gPS cells were also able to 

contribute to chimera formation, thereby satisfying all the hallmarks of pluripotency. The 

gPS cells have been clonally established and originate from unipotent GSCs. The gPS cells as 

well as pluripotent stem cells obtained from newborn mice maintain paternal imprinting after 

several passages and the differentially methylated regions (DMRs) of H19 and imprinting 
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control regions (ICRs) of Igf2r are maintained as androgenic patterns [27,28]. In the case of 

mGSCs derived from newborn mouse testes, the paternal imprinting is not maintained. The 

H19 and Igf2r in these multipotent germline stem cells (mGSCs) show imprinting patterns 

similar to ES cells [32].  

 

There have also been reports of derivation of germline stem cells from SSCs isolated from 

the adult mouse testes. These cells are limited in their capacity to differentiate into various 

cell lineages and are hence termed as multipotent adult Germline Stem Cells (maGSCs) 

unlike the gPS which are pluripotent [27,33].   

 

There has been a recent report where autologous GSCs were derived from testicular biopsies 

of adult mice (5-7 weeks old) and these GSCs were further used to obtain gPS cells. Such a 

technique can be extrapolated to obtain patient specific gPS cells for applications in 

regenerative medicine in humans, though this still remains a challenge [26,27,31,34]. We 

have however focused on the gPS cells, which have been generated earlier by Ko et. al [27].  

 

1.1.4 Induced Pluripotent Stem (iPS) Cells 

 

The induction of pluripotency in somatic cells has brought about a revolution in the field of 

stem cell research. These cells are called induced pluripotent stem cells or iPS cells. 

Yamanaka and co-workers first reported this in 2006. This was achieved by reprogramming 

of embryonic or adult mouse fibroblasts by introduction of four factors; Oct4, Sox2, c-Myc 

and Klf4 using retroviral vector constructs. These cells show properties similar to that of ES 

cells. They exhibit the property of self-renewal. The pluripotency marker expression in these 

cells is similar to that of ES cells Induced pluripotent stem cells are able to form teratomas 

when injected into nude mice. They also contribute to the formation of all three germ layers 

[35]. This breakthrough in the field of stem cells research helps in overcoming several ethical 

issues involved in the isolation of ES cells. The induction of pluripotency in adult human 

fibroblasts has also been reported with the help of OCT4, SOX2, NANOG and LIN28 [36].  

These human iPS cells have also been reported to be similar to human ES cells.  

 

Induced pluripotent stem cells have also been derived from species other than mouse and 

humans. For example, iPS cells have been produced from adult pig ear fibroblast with a 
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single transfection of a CAG-driven polycistronic plasmid, which expressed Oct4, Sox2, Klf4 

and c-Myc coupled to a GFP reporter gene. These iPS cells show expression of all classical 

stem cell markers, show a stable karyotype and were able to form teratomas when injected 

into the skin or the testes of non-obese diabetic SCID mice [37]. 

 

Recent reports have also shown that Oct4 alone can reprogram adult mouse and fetal human 

neural crest cells to form iPS cells [38,39]. There have also been reports of iPS cell 

production without viral integration. These iPS cells have been produced from liver cell with 

adenoviruses, which transiently express Oct4, Sox2, Klf4 and c-Myc [40]. There have been 

several such reports of integration free iPS cell production. They have been produced by 

plasmid transfection of mouse embryonic fibroblasts [41], or use of non-integrating episomal 

reprogramming vectors in human foreskin fibroblasts [42]. There has also been a report of 

iPS cell generation from adult mouse fibroblasts with the help of proteins. These protein iPS 

cells are similar to ES cells in biology and function and show the ability to form teratomas 

and contribute to chimeras [43]. Other transgene free methods of reprogramming include the 

use of Cre/Lox P system to excise the integrated transgenic elements [44,45] and with the 

help of piggyback transposition using a doxycycline-inducible system in human and mouse 

fibroblasts [46].  These non-integrating reprogramming systems can further be used to obtain 

disease specific iPS cells in humans and could potentially be useful for treatment of several 

severe disorders through cell therapy without the risk of tumorigenesis. 

 

In spite of their advantages over ES cells, a recent report has expressed concerns regarding 

the immunogenicity of iPS cells. According to this report, when iPS cells derived from 

retroviral approach, which causes genomic integration, were injected for teratoma assay into 

C57/B6 mice, they were mostly immune rejected due to induction of a T-cell dependent 

immune response in the recipients. Similar results were observed with iPS cells derived by 

non-integrating episomal vectors, where tissue damage and regression was observed in a 

smaller fraction of the teratomas formed. Therefore it is important to determine the 

immunogenicity of iPS cells before they are used for therapeutic purposes [47].  

 

Recent reports have also indicated that reprogrammed cells tend to retain a transcriptional  

memory of their original somatic cell source. A main reason cited for this is incomplete  
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promoter methylation. It has been reported that mouse iPS cells, maintain the DNA 

methylation pattern of their original somatic cell source therefore it may be easier to 

differentiate these iPS cells into cells of related lineages [48-50].  

 

1.2 Mouse Embryonic Development 

 

The generation of the three primary germ layers; the ectoderm, mesoderm and the endoderm, 

is one of the most important events during gastrulation in the process of embryogenesis. In 

mouse the gastrulation begins by formation of a transient structure, which is known as the 

primitive streak (PS). The primitive streak lies in that region of the epiblast, which finally 

forms the posterior end of the embryo. During this process, the uncommitted cells of the 

epiblast pass through the primitive streak and either form the mesoderm or the definitive 

endoderm. The first epiblast cells that pass through the posterior region of the primitive 

streak form the extra-embryonic mesoderm. The cells, which pass through the more anterior 

parts of the primitive streak give rise to the mesoderm. The ectoderm is formed from those 

cells of the anterior region of the epiblast, which do not enter the primitive streak. The cells 

of the epiblast that go through the most anterior part of the primitive streak give rise to the 

definitive endoderm [51] (Fig. 2). 

  

1.3 Embryonic Liver Development 

 

The liver develops from that part of the definitive endoderm, which has been generated from 

the anterior streak, which begins at approximately day 7.5 of gestation in the mouse embryo 

[52]. It first emerges as a small mass of cells (liver bud) that proliferates and migrates to the 

surrounding septum transversum mesenchyme [53].  

 

Most likely, ventral foregut either competes to receive the cardiac signal or express the  

hepatic program, or shows a pre-pattern. The signals from the cardiac mesoderm can specify 

and induce liver morphogenesis [53]. Liver formation depends on the interaction between 

two mesenchymal structures, the cardiac mesoderm and the septum transversum, which 

provide the instructive signals for the development of the liver and hepatic specification 

[54,55] (Fig. 3). 
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Fig. 2: Gastrulation in the mouse embryo. (A) Primary germ layer derivatives generated during gastrulation.       
(B) Regions of the Primitive Streak. Posterior region of the primitive streak expressing Brachyury and anterior 
region of the primitive streak expressing both Brachyury and Foxa2. (Modified from Murry C. E. et.al., Cell, 
2008) [51].  
 
 

Around day 14.5, the next important step in liver development occurs, where the hepatocytes 

and the bile duct epithelial cells are formed from a common progenitor known as the 

hepatoblast. The hepatoblast shows bipotential differentiation capacities in liver development 

[56]. The newly formed hepatocytes then surround the spaces within the septum transversum 

mesenchyme and become encapsulated into an organ [53] (Fig. 3). 
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Fig. 3: Early liver development showing different phases of organogenesis. (A) Competition in the ventral 
foregut to form the cardiac mesoderm or hepatic endoderm. (B) Signals from cardiac mesoderm induce 
hepatocyte specification. (C) Septum transversum signals liver development and morphogenesis. (Modified 
from Zaret K. S., Mechanisms of Development, 2000) [53].  

 

1.4 Liver Regeneration 

 

The liver has a unique ability to regenerate, and can regain its original structure, size and 

function after partial resection or massive injury [57]. This unique property of the liver was 

recognized in ancient Greek mythology. When Prometheus stole fire from Zeus and gave it to 

mankind, he was punished for his crime by being tied to a rock, while an eagle was made to 

eat his liver everyday, which grew back each day for the eagle to be eaten again. This myth 

may have inspired the idea of stem cell research and regenerative medicine in modern times 

[58]. 

 

After acute liver injury, chronic hepatic diseases, liver transplantations, and partial 

hepatectomy, liver regeneration is necessary for survival. In the case of transplantations, 

hepatocyte replication is a pre-requisite for obtaining full restoration of donor liver mass and 

is also necessary for growth of the transplanted liver in the recipient. The liver can double in 
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size in the donor as well as the recipient in a period of only three to four weeks. Replication 

of hepatocytes is able to sustain liver function up to very late phases in patients with liver 

cirrhosis, while in case of patients suffering from fulminant liver failure; the recovery of the 

injured liver is mainly dependent on the ability of the hepatocytes to repopulate. The capacity 

of the liver to regenerate depends on two major types of cells of the liver which are able to 

replicate whenever required. These are the hepatocytes and the intra-hepatic progenitor cells, 

which are known as the oval cells. Bone marrow cells are also able to facilitate hepatocyte 

production, but do not help in new liver growth. Cytokines and growth factors signal the 

process of initiation and progression of hepatocyte replication [57].  

 

In the past, several studies have shown the feasibility of generating hepatocytes from mouse 

as well as human embryonic stem cells. It is well known that various signaling pathways 

could play a role in the differentiation of hepatocytes from an undifferentiated mass of 

endodermal cells of the fetal liver. Usage of different culture conditions induces this 

undifferentiated mass of cells to produce hepatic like cells or hepatic progenitors which can 

further be differentiated to obtain mature or functional hepatocytes [52,54]. It has been shown 

previously, that ES cells are able to differentiate in vitro into embryoid bodies which express 

many liver specific genes such as hnf4α (hepatocyte nuclear factor) which in turn is a key 

tissue specific regulator of gene expression in the visceral endoderm and also regulates the 

normal expression of many secretory factors such as alpha-fetoprotein (afp) [59]. It is 

therefore interesting to study as to how different cell culture conditions can activate 

molecular pathways within the ES cells which can result in their differentiation into 

hepatocytes [54]. Liver cells or hepatocytes are large polyploid cells, which get influenced by 

the neighboring mesodermal cell signals. These signals influence the endodermal epithelium 

to form hepatocytes [60]. 

 

Different signaling environments regulate and induce different regions of the primitive 

streak, to develop into specific cell lineages. Most important signals for these developmental 

steps come from members of the TGF ß family such as BMP4 and Nodal along with 

members of the Wnt family. It is also well known that Activin/Nodal induce major 

endodermal differentiation in mouse ES cells. In the early embryonic stage, the transcription 

of many factors is initiated by a large number of signaling events. These factors function at 
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different stages of development and in turn help in the induction and specification of the 

definitive endoderm [51,61].  

 

Considering the above reports a lot of work has been going on in the past by several groups 

to explore the hepatic differentiation potential of embryonic stem cells. It has been reported 

that the endodermal epithelium induces hepatic differentiation via bone morphogenic protein 

(BMP) and fibroblast growth factor (FGF) signaling. Hepatic differentiation of the 

endodermal cells causes the upregulation of several proteins such as albumin (alb) and 

alphafetoprotein (afp), whose early expression marks the formation of the hepatoblast, which 

is a common progenitor of two main liver lineages, that is the hepatocytes and the bile duct 

epithelial cells. The group of Gordon Keller has previously reported that Activin A induces 

endodermal differentiation in ES cell differentiation cultures. They have successfully induced 

the differentiation of the ES cells into the hepatic lineage using an ES cell line with GFP, 

which is targeted to the brachyury locus and a truncated human CD4 cDNA, which is 

targeted to the Foxa-2 locus. Expression of endodermal markers such as Foxa-2 and c-kit was 

monitored in the experiment. Spontaneous differentiation was induced using Activin A for 

two days. Then the cells were sorted for GFP- Bry+/CD4-Foxa2high / c-kit high population, 

which was further induced for development into the hepatic endoderm using BMP4 along 

with b FGF and Activin A in serum free differentiation medium along with supplements such 

as N-2 and B-27. When these cells were further cultured on gelatin dishes a high population 

of cells, which were positive for alb and afp were observed. In a further modification of this 

protocol, cells which were double positive for c-kit and CXCR 4 were also subjected to 

hepatic differentiation in a similar way after Activin A induction. The cells generated in this 

way showed typical characteristics of hepatoblasts and also mature hepatocytes to some 

extent, and were efficiently able to integrate and proliferate after intrasplenic transplantation 

into the Fah-/-
 mouse model [52]. 

 

In a more recent report cells of the definitive endoderm have also been derived by 

differentiation of murine ES cells by modulating several signaling pathways. In this study a 

four-day culture protocol has been established, with the combination of cytokines and growth 

factors such as Activin A, Lithium Chloride (Li Cl) and Noggin (AL2N). The mouse ES cells 

are cultured under serum free conditions to form embryoid bodies to derive cells of the 
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definitive endoderm with high efficiency. When further differentiated under monolayer 

conditions these cells are able to form hepatic progenitor and pancreatic progenitor cells [62]. 

 

Interestingly, another group also described the development of a recombinant E-cadherin 

substratum for generation of hepatic progenitor cells at a single cell level. Though these cells 

were morphologically similar to primary hepatocytes, the authors did not show the 

functionality of the cells. Also the use and production of extracellular matrices is a complex 

process [63]. 

 

1.5 Metabolic Liver Diseases 

 

Several liver diseases exist which are caused due to genetically acquired defects in liver 

metabolism. For example Crigler-Najjar Type 1 (CN type 1) Syndrome, which is caused due 

to absence of hepatic uridine diphsophoglucuronate (UDP) glucuronosyltransferase activity. 

This enzyme is necessary for the conjugation and excretion of bilirubin and its absence leads 

to unconjugated hyperbilirubinemia at birth. Treatment of this disorder has been successfully 

described by infusion of hepatocytes through the portal vein. The investigators were 

successful in partial correction of this particular liver metabolic disorder [64]. The Familial 

Hypercholesterolemia (FH) disease has served as an important model for new developments 

in the field of human gene therapy. This disorder is caused by deficiency of LDL receptors by 

birth. This disease is further characterized by severe hypercholesterolemia. Also premature 

coronary artery disorder can be observed in homozygous patients and they can develop 

cardiovascular disorders in childhood. This defect can be lethal in most cases and is mainly 

caused by mutations in the LDL receptor gene, which codes for the LDL protein. However, 

ex vivo gene therapy into a patient with homozygous form of FH, which is directed towards 

the liver, has been successfully described [65]. Such diseases call for the need of 

development of cell based therapies for treatment of several metabolic liver disorders. In case 

of diseases which require complete organ transplant, cell based therapies can also be used to 

prolong survival and in extremely severe cases, where transplantation is inevitable, 

hepatocyte based cell therapy can act as a bridge to transplantation [66]. As described more 

recently, diseases such as urea cycle disorders pose as promising targets for liver cell 

transplantation. As reported, hepatocytes were isolated from a 9-day-old neonate under good 

manufacturing practice (GMP) conditions and were then cryopreserved. Since the onset of 
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this disease is mostly during the neonatal period, children between the age of 1-3 years 

received several intraportal infusions of these cryopreserved hepatocytes, which were isolated 

from the same donor. Three children showed stabilization of the metabolic function, observed 

up to a period of thirteen months. However, one child who was diagnosed with deficiency of 

ornithine transcarbamylase, died after four months. As discussed in this report, though this 

particular therapy is not a permanent therapeutic alternative, it can successfully serve as an 

option for bridging the gap between orthotropic liver transplantation [67]. 

 

1.6  Murine Models of Metabolic Liver Disorders 

 

There are several liver specific disease mouse models, which correspond to human liver 

specific metabolic disorders. Fibroblasts from these mouse models can therefore be used for 

generation of iPS cells, which can further be differentiated into hepatocytes or hepatocyte 

like cells.  

 

1.6.1    Toxic Milk (Tx) Mouse Model 

 

One such model is the toxic milk mouse model, which represents the Wilson’s Disease 

phenotype in humans. Wilson’s Disease in human is characterized by excessive accumulation 

of copper in the liver, which may cause liver failure. This is known to be an autosomal 

recessive defect. Mutations have been detected in the copper transporting ATPase (WND or 

ATP7B), which leads to this particular disease. This disorder is usually inherited. The WND 

or the ATP7B gene is primarily expressed in the liver and removes excessive copper from the 

hepatocytes and secretes it into the bile for further excretion. In Toxic milk (Tx) mice the 

disease is represented by a similar mutation, which also leads to excessive accumulation of 

copper in the neonates at the start of the third week post birth. By the age of 6 months the 

amount of copper levels detected in mice can be as high as up to 100 fold compared to a 

normal adult. Unlike in the humans, the pups are born with copper deficiency and also there 

is less copper content in the milk of the mutant mothers which results in death of pups [68]. 

In spite of differences in the human and mouse form of the disease, the toxic milk mutation 

the mutation in the human WND gene can be mapped to the same region of chromosome 8 

and hence causes a similar phenotype [69,70]. A point mutation in the murine homolog of the 

toxic milk disease has also been recently reported [68,71]. 

20



INTRODUCTION 

                                                                                                                                                         
 

 
 

1.6.2 Fumarylacetoacetate Hydrolase Deficiency (Fah
-/-

) Mouse Model 

 

The fumarylacetoacetate hydrolase deficiency (Fah-/-) mouse model represents the 

tyrosenemia type 1 disease in humans. Tyrosenemia type 1 disorder is an acute disorder, 

which may be life threatening in humans and is an inherited autosomal recessive disorder. 

Children born with this disorder die within the first year of birth due to development of a 

liver failure within the first few months of birth [72-74]. Other complications such as renal 

dysfunction, cardiomyopathy and neurological disorders may also develop. In later stages of 

the disease hepatomas and Hepato Cellular Carcinomas (HCC) may also develop [73,75-77].  

The FAH enzyme plays an important role in the tyrosine metabolism pathway. It catalyzes 

the conversion of fumarylacetoacetate (FAA) into Fumarate and Acetoacetate (Fig. 4). This 

further causes the accumulation of several harmful compounds in the blood and urine, such 

as, tyrosine, methioninetyrosine metabolites and succinylacetone (SA), leading to tissue 

damage and necrosis [73,74,78] . 

 

However, there are some differences in the mouse and the human phenotype. The mice have 

a shorter life span than humans. The mice do not show elevated levels of plasma tyrosine as 

is the case with humans. On the other hand the mice suffer from hypoglycemia unlike 

humans. In spite of these phenotypic differences, these mice can be used as a diseased model 

to study most of the aspects of the human disease counterpart [73]. 
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Fig. 4: Tyrosine Metabolism Pathway denoting the function of the FAH enzyme. The exact mechanism of the 
enzymes succinylacetoacetate and succinylacetone are not known. (Modified from Grompe M. et.al., Genes and 
Development, 1993) [73]. 

  

1.6.3 Proteinase Inhibitor Z (PiZ) Mouse Model 

 

The most abundantly found serine protease inhibitor in the plasma is the Alpha 1 Antitrypsin 

(A1AT or α-1 AT). This protein protects the elastic fibers in the lung from hydrolytic 

destruction by excessive quantities of leukocyte elastase [79]. There are more than 30 

different variants of the human A1AT protein, one of which is the proteinase inhibitor Z 

(PiZ) [80]. The PiZ protein is retained within the rough endoplasmic reticulum (RER) of 

hepatocytes, and it is unable to circulate [81]. Therefore patients homozygous for PiZ suffer 

from a severe decrease in A1AT serum levels and have therefore severe A1AT deficiency. In 

some cases this causes patients to develop Chronic Obstructive Pulmonary Disease (COPD), 

as well as liver cirrhosis and hepatoma. The PiZ allele of the human A1AT has been cloned 

and microinjected into mouse embryos to generate transgenic mice. The transgenic mice have 

been further identified by Southern Blot analysis of the mouse-tail DNA. Unlike the in the 
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human state, the transgenic mice show a lower level of secretion of the human protein. The 

mice also continuously synthesize and secrete endogenous protease inhibitors and therefore 

have no circulatory deficiency of A1AT.  Never the less, the mice show development of liver 

necrosis and inflammation due to the presence of human PiZ protein in high quantities [82]. 

It has been proposed that the current mouse models available for the study of this disease 

mostly represent the adult form of the disorder, since the damage in these mouse models 

mainly occurs due to long term accumulation of the protein. To date no mouse model is 

available which represents the neonatal form of the disease [83]. 
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2.   Objective 

 

Orthotopic liver transplantation is currently one of the preferred options for treating severe 

liver disorders. A major drawback in this process is that not enough organ donors are always 

available for this purpose. One way to overcome this problem is the differentiating ES cells 

into hepatocytes and using them for cell therapy to prolong survival. However, since the 

isolation of ES cells may involve destruction of human embryos, the process has several 

ethical implications. Apart from this it is also not possible to obtain patient-specific ES cells. 

 

To overcome these shortcomings we explore the hepatic differentiation potential of 

alternative pluripotent stem cells, such as pES and gPS cells. We also differentiate iPS cells 

derived from murine models of liver metabolic defects into hepatocytes. Such alternative 

pluripotent stem cells could be preferred in therapeutic use over ES cells.  

 

The aim of this study was to establish a suitable protocol for hepatic differentiation of these 

alternative pluripotent stem cells in order to obtain a pure population of hepatocytes (Fig. 

5).We therefore focus on the use of two protocols. In the initial part of the study we aim to 

show that the pES, gPS and the iPS can be differentiated into hepatocyte-like cells using the 

hanging drop method. All these cells lines show comparable expression when differentiated 

using this method of EB formation. However, since the cell population obtained in this way is 

not homogenous, we evaluate a cytokine-based method in the later part of our study to obtain 

a more homogenous population of hepatic cells, which show similar levels of hepatic marker 

expression.  
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Fig. 5: Objective of the study. Alternative sources of murine pluripotent stem cells as a source of hepatic cells 
for cell therapy. 
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Abstract

In regenerative medicine pluripotent stem cells are con-

sidered to be a valuable self-renewing source for thera-

peutic cell transplantations, given that a functional

organ-specific phenotype can be acquired by in vitro dif-

ferentiation protocols. Furthermore, derivatives of pluri-

potent stem cells that mimic fetal progenitor stages could

serve as an important tool to analyze organ development

with in vitro approaches. Because of ethical issues

regarding the generation of human embryonic stem (ES)

cells, other sources for pluripotent stem cells are inten-

sively studied. Like in less developed vertebrates, pluri-

potent stem cells can be generated from the female

germline even in mammals, via parthenogenetic activa-

tion of oocytes. Recently, testis-derived pluripotent stem

cells were derived from the male germline. Therefore, we

compared two different hepatic differentiation approach-

es and analyzed the generation of definitive endoderm

progenitor cells and their further maturation into a hepatic

phenotype using murine parthenogenetic ES cells, germ-

line-derived pluripotent stem cells, and ES cells. Applying

quantitative RT-PCR, both germline-derived pluripotent

cell lines show similar differentiation capabilities as nor-

mal murine ES cells and can be considered an alternative

source for pluripotent stem cells in regenerative

medicine.

Keywords: endodermal differentiation; germline;

hepatocytes; pluripotent stem cells.

Introduction

The Prometheus myth is often used to illustrate the strik-

ing regeneration potential of the liver after acute loss of

functional liver tissue either due to partial hepatectomy

or inflammatory and toxic damages. Since the concept

of stem cells was introduced by Rudolf Virchow (omnis

cellula e cellula) in the middle of the 19th century the

adult hepatocyte can be considered as liver stem cell.

Despite several attempts by many research groups,

appropriate culture conditions for cultivation and expan-

sion of primary hepatocytes could not be established,

and hence stem cell-derived hepatic cells might supply

the need for liver cells in regenerative medicine. Pluri-

potent stem cells are capable of differentiating into

virtually all somatic cell types and might serve as a favor-

able source for hepatic cell transplants.

The definition of pluripotency comprises the ability of

self-renewing stem cells to differentiate into derivates of

all three germ layers (ectoderm, mesoderm, and endo-

derm) as well as into germ cells. In mammals, pluripotent

cells can be isolated from early embryos by collecting

blastomeres or by isolating the inner cell mass of blas-

tocysts and subsequent cultivation in appropriate tissue

culture conditions. Interestingly, these conditions differ

distinctly between various mammalian species, and to

date we are still not able to derive embryonic stem (ES)

cells from species other than mice (Evans and Kaufman,

1981), non-human primates (Thomson et al., 1995),

humans (Thomson et al., 1998), and rats (Buehr et al.,

2008). In contrast to the differences in maintaining plu-

ripotent ES cells, the pathways that need to be activated

to induce specific differentiation fates seem to be quite

conserved within mammalian species.

Another source for pluripotent stem cells in adult ani-

mals or individuals are cells from teratomas or teratocar-

cinomas. Derivatives of migratory germ cells outside their

original niche are considered to be the priming source for

these tumors, and therefore it is speculated that stem

cells from the germline are able to acquire a pluripotent

phenotype. Testis-derived cells might be a source for plu-

ripotent stem cells, as demonstrated by Kanatsu-Shino-

hara in 2004 for the first time (Kanatsu-Shinohara et al.,

2004). In subsequent publications, other groups de-

scribed multipotent stem cells derived from established

adult germline cells (Guan et al., 2006; Seandel et al.,

2007; Conrad et al., 2008; Gallicano et al., 2009). Recent-

ly, fully pluripotent stem cells, which are germline com-

petent, can be generated from clonally derived adult

germline cells using appropriate culture conditions and

were maintained as a cell line that is virtually indistin-

guishable from ES cells (Ko et al., 2009).

In females, pluripotent stem cells can be generated by

parthenogenetic activation of oocytes, as demonstrated

in mice and non-human primates (Cibelli et al., 2006).

More recently, mouse parthenogenetic pluripotent stem

cell lines were thoroughly described by Kim and col-

leagues (Kim et al., 2007a). Interestingly, the human stem

cell line that was reported by the Korean scientist Woo-

Suk Hwang as a somatic nuclear transfer-derived cell line

was actually a pluripotent stem cell line that emerged

after parthenogenetic activation of an oocyte (Kim et al.,

2007b).

Another recent source for pluripotent stem cells are

artificially reprogrammed somatic cells, termed induced

pluripotent stem (iPS) cells. However, the mechanisms of

the underlying nuclear reprogramming are yet poorly
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Figure 1 Characterization of pES cells.

Parthenogenetic ES (pES) cells show a distinct ES cell like compact and round morphology (A). The pluripotency in pES is confirmed

by immunofluorescence staining for Oct4 (B) and Nanog (C). Karyotyping was performed on pES cells to confirm diploidy with a total

number of 40 chromosomes (D). Qualitative RT-PCR performed on pES cells confirmed the presence of Oct4 and Nanog in all four

cell pES cell lines which were tested (E). Methylation-specific PCR was performed on the H19 gene to confirm the maternal imprinting

pattern and the origin of pES cells of the oocyte (F).

understood and yet major genetic manipulations need to

be performed in generating these iPS cells from somatic

cell sources. Therefore, we do not include these cells in

our present study but focus on endodermal/hepatic dif-

ferentiation of non-induced pluripotent stem cells from

early embryos and the mammalian germline.

Results

Parthenogenetic embryonic stem (pES) cells were estab-

lished from the inner cell mass of blastocysts that were

derived from parthenogenetically activated oocytes after

superovulation of C57BL/6xC3H females as described

earlier (Cibelli et al., 2006). To demonstrate their pluri-

potent phenotype, we performed immunofluorescence

stainings (Figure 1A–C) and reverse transcriptase poly-

merase chain reaction (RT-PCR) analyses (Figure 1E) on

individual sublines for the main pluripotency factors Oct4

(Figure 1B) and Nanog (Figure 1C). Furthermore, we

determined the acquisition of a normal diploid karyotype

(40 chromosomes, Figure 1D) after parthenogenetic acti-

vation. Interestingly, the pES cells exhibit and maintain

the maternal imprinting of the H19 gene, as investigated

by methylation-specific PCR for the unmethylated

(maternal) and methylated (paternal) imprinting pattern.

Normal oocytes (unmethylated H19), sperm (methylated

H19), and tail tip fibroblast (maternal and paternal

imprints) served as controls for this experiment.

ES cells from Oct4-GFP mice (OG2), which harbor a

transgene expressing Green Fluorescent Protein (GFP)

under the control of the Oct4 promoter (Szabo et al.,

2002), were obtained from the inner cell mass of an OG2

blastocyst. Germ cells of these mice and pluripotent

stem cell colonies were GFP-positive (Figure 2B). Cells

were present in compactly packed colonies with a regular

margin and a distinct round shape (Figure 2A). Germline-

derived pluripotent stem (gPS) cells were obtained from

the adult mouse testis of the Oct4 mouse (Ko et al.,

2009). Pluripotent gPS cells were present in regular round

shaped compact colonies (Figure 2C) and closely resem-

bled ES cell colonies in morphology and showed strong

expression of the Oct4-GFP transgene (Figure 2D).

To compare the endodermal and hepatic differentiation

capabilities of these various pluripotent stem cells, we

first applied the protocol published by Kania and col-

leagues (Kania et al., 2004) to parthenogenetic ES cells

and to male gPS cells generated from adult germline

stem cells (GSCs) as well as to conventional embryonic

stem cells (OG2-ES). Quantitative RT-PCR (qRT-PCR) of

endodermal and hepatic marker genes was performed at

the end of each step of the hanging drop-differentiation
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Figure 2 Characterization of OG2-ES and gPS cells.

Pluripotent OG2-ES cell colonies were GFP-positive and

showed typical ES cell morphology (A,B). Male germline-derived

pluripotent stem (gPS) cells from Oct4-GFP (OG2) mice showed

endogenous GFP expression along with ES cell like morphology

(C,D).

protocol (Figure 3A,C,E). Day (d) 5 comprised cells grown

as embryoid bodies in hanging drops in ES cell medium

without leukemia inhibitory factor (LIF) to facilitate spon-

taneous differentiation into all three germ layers. d5q9

comprised cells which were plated on gelatin-coated

dishes in Iscove’s Modified Dulbecco’s Medium (IMDM)

for 9 d after having grown as embryoid bodies (EBs)

in hanging drops for 5 d to further obtain endodermal

differentiation. d5q9q22 comprised cells which were

plated on Hepatocyte Culture Medium (HCM) on plates

coated with collagen for 22 d after the d5q9 step to

direct the differentiation of the cells towards hepatic pre-

cursor cells. All results were normalized to b-actin, which

served as a housekeeping gene and cDNA from murine

hepatoma cells (Hepa 1–6) was used as a reference

(expression levels1). After having grown for 5 d as EBs

in hanging drops, all three cell types showed only weak

expression of albumin (alb), a-fetoprotein (afp), hepatic

nuclear factor 4a (hnf4a), cytokeratin 18 (ck18), and con-

jugate export pump Mrp2 (abcc2). However, a consid-

erable expression of c/ebp-a and SRY (sex determining

region Y)-box 17 (sox17) was observed. Applying endo-

dermal progenitor supporting culture conditions at d5q9,

an increase in the expression of all endodermal markers

(most prominent of afp) was observed at various extents

in all cell types. However, the expression of c/ebp-a was

slightly decreased compared to d5. Following a further

hepatic differentiation in HCM, all three cell types showed

an increase in the expression of alb, ck18, and c/ebp-a

at d5q9q22, whereas a (modest) decrease in the expres-

sion of afp, hnf4a, abcc2, and sox17 was observed.

During the hepatic specification step, clusters of cells

emerged in all three pluripotent cell lines that morpho-

logically acquired an early hepatic phenotype character-

ized by polygonal cell margins (Figure 3B,D,F), re-

sembling cultured fetal hepatoblasts. However, the final

number of cells exhibiting a hepatic progenitor cell phe-

notype was limited by the number of starting cells (i.e.,

the number of EBs) and the efficiency of spontaneous

endodermal specification. Hence, for cell therapeutic

approaches these limitations might result in insufficient

numbers of transplantable cells.

Therefore, we switched to a cytokine-based approach

applied on adherent pluripotent stem cells to overcome

this limitation and evaluated a protocol using high con-

centration of Activin A (50 ng/ml) on murine ES cells

grown as adherent monolayers in a second set of exper-

iments. Approximately 16 h after starting monolayer cul-

ture of ES and ES-like cells in ES medium without LIF

(considered as d0), the medium was changed to serum-

free differentiation medium (SFD) supplemented with

Activin A (50 ng/ml). At d2 of this differentiation culture,

putative endodermal progenitor cells positive for sox17

and brachyury were detected, which might be equivalent

to cells of the anterior region of the primitive streak (data

not shown). Additional treatment of bone morphogenetic

protein 4 (BMP4) (50 ng/ml) and basic fibroblast growth

factor (bFGF) (10 ng/ml) along with Activin A can further

promote differentiation of these endodermal progenitor

cells into hepatic progenitor cells. Morphological analy-

ses are depicted in Figure 4A–C (OG2-ES cells) and

Figure 4D–F (gPS cells) at differentiation d1, d5, and d8,

respectively.

The endodermal and early hepatic progenitor pheno-

type was evaluated by qRT-PCR analysis for both cell

types. All results were normalized to b-actin, and Hepa

1–6 cDNA was used as a reference. Both differentiation

assays were performed as three independent sets of

experiments in triplicate. Each figure (Figure 3A,C,E and

Figure 4G,H) depicts one representative set of experi-

ments. During Activin A treatment (d0 to d2), sox17 was

stably expressed, whereas c/ebp-a and ck18 were slight-

ly increased during this time. After subsequent change

to SFD supplemented with Activin A, BMP4, and bFGF,

expression of more mature markers alb, afp, hnf4a, and

abcc2 was activated at d3. However, this increase was

not further enhanced during longer cultivation but was

slightly decreased within the next number of days (Figure

4G,H for OG2-ES and gPS cells, respectively). After d9,

we changed the medium to HCM supplemented with

Oncostatin M (OSM) (10 ng/ml) and human hepatocyte

growth factor (hHGF) (20 ng/ml) followed by lentiviral

transduction with an albumin-GFP reporter construct.

Vacuolated cells suggestive for glycogen-storing hepatic

cells were detected on d27, which were positive for albu-

min-GFP related fluorescence (Figure 5A,B).

To determine the amount of albumin which was secret-

ed by the OG2-ES and gPS cells, an ELISA assay was

performed (Figure 5C). The Hepa 1–6 cells were used as

a positive control and showed an expression of albumin

in the concentration of 24.88 ng/ml in a dilution of 1:2.

The OG2-ES cell supernatant showed an increase in

expression of albumin from d3 (6.588 ng/ml) to d6

(7.972 ng/ml). Similarly, the gPS cells showed a consid-

erable increase in albumin expression from d3 (8.502

ng/ml) to d6 (11.811 ng/ml). However, on d9 the albumin

concentration was slightly decreased in the gPS cells

(11.016 ng/ml) and in the OG2-ES cells (6.158 ng/ml)

(Figure 5C). The untreated Oct4-GFP transgenic ES cells

woptical density (OD)s0.002x and gPS cells (ODs0.001)

were used as negative controls. Because these ODs are
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Figure 3 Differentiation of OG2-ES, pES, and gPS cells using the hanging drop method.

Quantitative RT-PCR was performed to analyze hepatic gene expression profiles of OG-ES (AqB), pES-derivatives (CqD), and gPS-

derivatives (EqF) using Taqman assays for various endodermal/hepatic genes. In comparison to Hepa 1–6 hepatoma cells alb, afp,

hnf4a, ck18, and abcc2 were weakly expressed on d5 EBs from all three cell types, whereas c/ebpa and sox17 were strongly

expressed when compared to controls. At d5q9 most prominently, an increase of hepatic markers, such as alb, afp, hnf4a, and

abcc2, was detected and a decrease in the expression of the early endodermal marker c/ebpa and an increase in the expression of

sox17 was observed. At d5q9q22 alb expression shows a further increase, but a modest decrease in the expression of afp, hnf4a,

and abcc2 was observed (A,C,E). On d5q9q22 endodermal/hepatic precursor cells could be detected by microscopy. Cells showed

a distinct morphology (B,D,F), which closely resembles the early phenotype of cultured fetal hepatoblasts showing presence of

polygonal cell margins. Data were presented as means ("SD) from one representative set of experiments performed in triplicate.

below the value of the lowest concentration used for the

standard curve (2 ng/ml, ODs0.040), we have not includ-

ed these in the graph.

Discussion

In the past years, major research has been focusing on

the feasibility of generating hepatocytes from mouse and

human ES cells taking advantage of recent insights into

various signaling pathways that are involved in hepato-

cyte differentiation of cells (Zaret, 2001; Gouon-Evans et

al., 2006; Cai et al., 2007; Sharma et al., 2008). It is there-

fore interesting to investigate how those hepatic cells can

be generated from diverse pluripotent stem cell sources,

such as pES cells from the female germline or male gPS

cells from testis. According to morphological and phe-

notypic criteria as well as gene expression analyses,

these germline-derived cells are virtually indistinguish-

able from normal ES cells (Figures 1 and 2). Furthermore,

both cell types formed teratoma after injection into

non-obese diabetic severe combined immunodeficiency
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Figure 4 Differentiation of OG2-ES and gPS cells using a cytokine based assay.

On d1, d5, and d8 of cytokine treatment, OG2-ES cells showed development of a distinct hepatic/endodermal morphology as revealed

by microscopic analysis. At d1 (AqD) cells form a distinct monolayer. At d5 (BqE) the cells start to obtain a typical hepatoblast-like

polygonal morphology which is improved by d8 (CqF). qRT-PCR analysis was performed on samples collected from d0 to d9 to test

for expression of endodermal/hepatic genes (GqH). From d0 to d2 sox17 was stably expressed, whereas c/ebpa and ck18 expression

levels were slightly increasing. More mature markers, such as alb, afp, hnf4a, and abcc2, were activated at d3; however, for alb,

hnf4a, and abcc2 this increase dropped to starting levels upon further cultivation. Data are presented as means ("SD) from one

representative set of experiments performed in triplicate.
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Figure 5 Detection of albumin expression in OG2-ES and gPS

cells.

At d27 on HCM, distinct vacuolated cells expressing albumin

promoter-driven GFP were visible by microscopy (A,B). These

are suggestive for glycogen storing hepatic cells or cells of the

bile duct. Albumin ELISA analyses of supernatants confirmed

the production of albumin by OG2-ES- and gPS-derivatives. The

level of albumin secretion increased from d3 to d6 and

decreased on d9 in both cell lines. Hepa 1–6 supernatant (dilut-

ed 1:2) was used as a positive control for the ELISA evaluation

(C).

(NOD-SCID) mice (data not shown) and, therefore, can

be considered as fully pluripotent stem cells.

Spontaneous differentiation of pluripotent stem cells

towards an endodermal/hepatic phenotype can be

achieved through the formation of EBs in medium with

conditions lacking factors for the maintenance of pluri-

potency. These EBs were generated by cultivating

approximately 600 cells per 20 ml as hanging drops for

up to 5 d or by spontaneous aggregation of pluripotent

cells in non-adherent tissue culture conditions. These

EBs contained cells that spontaneously differentiated

into various derivatives of all three germ layers, predom-

inantly into cells with characteristics of early progenitors

or rather immature cells. Subsequent transfer of the EBs

and their derivatives to tissue culture dishes coated with

specific adherent matrices, such as gelatin, collagen type

I, or Matrigel�, provides a selective growth advantage

for endodermal cells that is supported by appropriate

endodermal medium compositions to achieve further

differentiation into cells with a more mature endodermal

specification, i.e., cells of the hepatocyte lineage. Hama-

zaki and coworkers were among the first to generate a

high percentage of hepatocyte precursors from murine

ES cell cultures in the presence of growth factors (Hama-

zaki et al., 2001), but Miyashita et al. and Kania et al.

subsequently published differentiation protocols that

direct the maturation of the primitive ES cells towards

cells with a distinct and mature hepatic phenotype and

result in a higher percentage of ES cell-derived hepatic

progenitor cells (ES-HPC) in culture (Miyashita et al.,

2002; Kania et al., 2004; Heo et al., 2006). Applying the

protocol of Kania et al. to both germline-derived pluri-

potent stem cells (pES and gPS), we could achieve sim-

ilar results in comparison to ES cells (Figure 3). All three

pluripotent cell sources gave rise to cells with a fetal

hepatoblast morphology and showed expression of

genes representing definitive endoderm-derived cells

(sox17, c/ebpa) or even early hepatic cells (alb, afp, hnf4,

ck18, abcc2). In an earlier study, we could demonstrate

that these ES-derived hepatic progenitor cells acquired

a fetal maturation stage comparable to d11.5–13.5 of

mouse development, but failed to result in sufficient

numbers of transplantable cells, which in turn could not

rescue this murine model for metabolic liver disorders

(Sharma et al., 2008). These data are in line with a recent

publication using ES-derived hepatic cells in another arti-

ficial liver repopulation mouse model (Heo et al., 2006),

where only very few and very small regeneration nodules

generated by transplanted ES-derived cells were

observed.

Both limitations, the number of starting cells and the

maturation stage, may be solvable using an in vitro dif-

ferentiation protocol that more closely recapitulates

embryonic and fetal development. One of the most

important events during early embryonic development is

gastrulation, i.e., the generation of the three primary germ

layers: the mesoderm, the ectoderm, and the endoderm.

In mammals, the gastrulation begins by formation of a

transient structure, which is known as the primitive

streak. During this process, those cells of the epiblast

that go through the most anterior part of the primitive

streak give rise to the definitive endoderm (Murry and

Keller, 2008). The organogenesis of the liver starts at

approximately embryonic d7.5 of gestation in the mouse

embryo, when a small mass of cells (liver bud) emerges,

which proliferates and migrates to the surrounding sep-

tum transversum mesenchyme (Zaret, 2000). Interesting-

ly, liver formation depends on the interaction between

two mesenchymal structures, the cardiac mesoderm and

the septum transversum, which provide the instructive

signals for the development of the liver (Zaret, 2001; Hay

et al., 2008). Finally, the hepatocytes and bile duct epi-

thelial cells are formed from a common progenitor known

as the hepatoblast, which has bipotential differentiation

capabilities in liver development (Watanabe et al., 2002).

A large number of signaling events occur in the early

embryonic stage which can initiate the transcription of

many factors priming the induction and specification of

the definitive endoderm. Members of the transforming

growth factor b (TGFb) family, such as BMP4 and nodal,

along with members of the Wnt family are known to be

essential for these developmental steps. It is also known

that Activin and Nodal induce extensive endodermal

differentiation in mouse ES cells (Kubo et al., 2004;

D’Amour et al., 2005; Murry and Keller, 2008).

Considering the above reports, numerous studies have

been conducted in the past years by several groups to

prove the hepatic differentiation potential of ES cells

using cytokine-based approaches. In particular, Gordon

Keller and others have previously reported that Activin

A and BMP4 are of major importance for the induction

of endodermal differentiation. They have successfully

induced the differentiation of ES cells into the hepatic
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lineage using an ES cell line with the GFP targeted to the

brachyury (bry) locus and a truncated human cluster of

differentiation 4 (CD4) cDNA targeted to the Forkhead

box A2 (Foxa-2) locus. Expression of endodermal mark-

ers, such as Foxa-2 and c-kit, in the Activin A treated

EBs was monitored by flow cytometry analysis. Then the

cells were sorted for GFP- Bryq/CD4-Foxa2high/c-kithigh

population which was further induced for development

into the hepatic endoderm by treatment of BMP-4, bFGF,

and Activin A in serum free differentiation medium along

with N-2 and B-27 supplements. When these cells were

further cultured on gelatin dishes a majority of cells

became positive for alb and afp. In a further modification

of this protocol, cells which were double positive for c-

kit and chemokine CXC motif receptor 4 (Cxcr4) were

also subjected to hepatic differentiation in a similar way

after Activin A induction. The cells generated in this way

showed typical characteristics of hepatoblasts and also

mature hepatocytes to some extent and were efficiently

able to integrate and proliferate into mature hepatocytes

after intrasplenic transplantation into the fumarylaceto-

acetate hydrolase knockout (Fah-/-) mouse model (Gouon-

Evans et al., 2006). However, we failed to establish the

c-kit/Cxcr4 double positive population from our ES cell

line (OG2-ES) as well as from pES and gPS. Thus, the

spontaneous aggregation of pluripotent cells as EBs in

non-adherent culture conditions was not homogeneous

enough for suitable further maturation steps. We there-

fore cultured the ES, pES, and gPS cells on gelatinized

dishes as an adherent monolayer before starting the

cytokine-based differentiation protocol. Concentrations

of Activin A )50 ng/ml and addition of bFGF or BMP4

during the first 48 h did not result in a better induction

of the definitive endodermal phenotype (data not shown).

We applied Activin A alone for the first 48 h followed by

a combination of Activin A, bFGF, and BMP4 for the fol-

lowing 7 d. As a relatively immediate response we detect-

ed a considerable expression of hepatic marker genes at

d3 (Figure 4), but unexpectedly we did not observe a

further increase but rather a decrease of hepatic gene

expression. This might be due to extensive proliferation

of non-hepatic cells that dilutes the hepatic mRNA tran-

scripts. Another explanation could be that these culture

conditions do not support the fetal hepatoblast pheno-

type resulting in an apoptotic loss of the differentiating

cells. In this experimental series, we changed to hepa-

toblast-supporting medium conditions on d9 and could

obtain some cells with a hepatic phenotype (Figure 5),

which express and secrete albumin and store glycogen

as detected by Periodic acid Schiff staining (data not

shown). However, bearing in mind the endoderm-speci-

fication time course (Figure 4) we will investigate earlier

time points for the change from SFD to HCM medium

conditions or another intermediate medium condition

that supports the putative primitive hepatic progenitor

cells.

In conclusion, we provide evidence that pluripotent

stem cells from female (pES) and male (gPS) germlines

have a similar (if not the same) hepatic differentiation

potential as normal ES cells. However, limitations in

generating high cell numbers sufficient for transplantation

experiments and in functional maturation of hepatic

derivatives also apply to these alternative pluripotent

stem cells.

Materials and methods

Cell culture conditions

The OG2-ES cells were obtained from the inner cell mass of the

blastocyst of the Oct4 mouse (Szabo et al., 2002). pES cells

were derived from oocytes of C57BL/6xC3H F1 8-week-old

females as previously described (Cibelli et al., 2006). The gPS

cells were obtained from the adult mouse testis of the Oct4

mouse (Ko et al., 2009). All cells were cultured and maintained

in ES cell medium with LIF containing knockout Dulbecco’s

Modified Eagle’s Medium (DMEM) optimized for ES cells (Gibco/

Invitrogen, Karlsruhe, Germany) with 15% heat inactivated fetal

bovine serum (FBS) (Biowest, Renningen, Germany), 1% peni-

cillin/streptomycin/L-glutamine (Pen/Strep/L-glutamine) (PAA,

Cölbe, Germany), 2 mM b-mercaptoethanol (Gibco/Invitrogen),

1= non-essential amino acids (NEAA; from PAA). Mitomycin C-

inactivated mouse embryonic fibroblasts were used as feeders

for the cell culture.

Fluorescence analyses

pES cells grown on C3H feeder cells on chamber slides (Nunc,

Roskilde, Denmark) were washed in PBS before being fixed in

100% methanol (Sigma, Hamburg, Germany) for 7 min at -208C

and then rinsed in acetone (Sigma) for 20 s at -208C. The cells

were washed three times in PBS before being incubated with

mouse anti-Oct4 (sc5279, Santa Cruz Biotechnology, Santa

Cruz, CA, USA) or rabbit anti-Nanog (Cosmo Bio Co., Tokyo,

Japan) antibodies for 45 min at room temperature. Cells were

washed three times in PBS both before and after incubation with

the secondary antibody wcyanine 3 (Cy3)-labeled goat anti-rabbit

lgG, Jackson ImmunoResearch, Newmarket, Suffolk, UKx; Alexa

Flour (AF) 488-labeled goat anti mouse IgG (Molecular Probes/

Invitrogen, Karlsruhe, Germany) and 1 nM of 49,69-diamidino-2-

phenyl-indol-dihydrochloride (DAPI, Sigma). ProLong Gold and

SlowFade Gold Antifade Reagent (Invitrogen) was used as

mounting medium to minimize fluorochrome quenching. Karyo-

type analyses were performed on pES cells according to pub-

lished protocols (Kim et al., 2009). Imaging was performed on

an Olympus IX71 inverted microscope equipped with appropri-

ate filter sets. Images were processed using the CellP software

(Olympus, Hamburg, Germany).

RT-PCR

Qualitative RT-PCR was performed to characterize the expres-

sion of Oct4 and Nanog as previously described (Do and Schö-

ler, 2004). Quantitative RT-PCR was performed on samples that

were collected from each cell line and the harvested cells were

used for total RNA isolation followed by cDNA synthesis (Invi-

trogen). The cDNA was further used to perform qRT-PCR anal-

ysis using a Step One plus Cycler (Applied Biosystems,

Darmstadt, Germany). All Taqman gene expression assays were

purchased from Applied Biosystems and evaluated in terms of

specificity and appropriate linear amplification characteristics

by the manufacturer. Together with the assay ID, the specific

sequence of the probe is given as follows: albumin

(Mm00802090_m1), probe: 59-ACA ACC TTC TCA GGC TAC

CCT, a-fetoprotein (Mm00431715_m1), probe: 59-GAA AGC

CAG CTA TCT GTT TT, hnf4a (Mm00433964_m1), probe: 59-

ATG CTT CTC GGA GGG TCT GCC, ck-18 (Mm01601706_g1),

probe: 59-GAG AAG ATT TCA GTC TCA ACG, abcc2

(Mm00496899_m1), probe: 59-ATC ATT CCC CAG GAC CCA TT,
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sox17 (Mm00488363_m1), probe: 59-TAA GCA AGA TGC TAG

GCA AGT, c/ebpa (Mm01265914_s1), probe: 59-AGG GCT GGA

CCG CTT CCT TCT, b-actin (Mm00607939_s1), probe: 59-CTG

AGC TGC GTT TTA CAC CCT.

Methylation-specific PCR

Methylation-specific PCR was performed on genomic DNA of

pES, oocytes, and sperm using primers that discriminate

between methylated (M-type) und unmethylated (U-type) regions

of the H19 gene wM-type; (108 bp) forward: 59-AAG GAG ATT

ATG TTT TAT TTT TGG AC, reverse: 59-ACT CTT TAA ATT TAA

CGC AAT CGA T; U-type (101 bp) forward: 59-ATT ATG TTT TAT

TTT TGG ATG T, reverse: 59-CTC TTT AAA TTT AAC ACA ATC

AATx. PCR was performed with annealing temperature at 558C

and products were analyzed on a 2% agarose gel.

Endodermal differentiation protocols

The OG2-ES, pES, and gPS cells were subjected to hepatic dif-

ferentiation using the hanging drop method (Kania et al., 2004).

A total of 50 drops per 10 cm plate, 20 ml each with 600 cells

was used to form EBs. A total of four plates for each cell line,

i.e., pES cells, gPS cells, and OG2-ES cells, were used to make

hanging drops in ES cell medium without LIF, containing knock-

out DMEM optimized for ES cells (Gibco/Invitrogen) with 15%

heat-inactivated FBS (Biowest, Renningen, Germany), 1% Pen/

Strep/L-glutamine, 2 mM b-mercaptoethanol, 1= NEAA. At d5

the EBs were collected from each 10 cm dish and plated on

gelatin coated 6 cm dishes with IMDM (PAA) containing 1%

Pen/Strep/L-glutamine, 20% FBS, 100 mM b-mercaptoethanol,

1= NEAA, and 450 mM 1-thioglycerol (Sigma-Aldrich, Munich,

Germany). A total of 25 EBs were plated on each 6 cm gelatin

coated dish, and hence a total of eight gelatin coated 6 cm dish-

es were used for each cell line. After 9 d the cells were trypsi-

nized and replated onto 6-well dishes coated with collagen on

HCM (Lonza, Wuppertal, Germany). For each 6 cm dish, 2 wells

of the 6-well plates were used for replating. Hence, for each cell

line four collagen coated 6-well plates were used. The cells were

kept on HCM for 22 d and allowed to differentiate into the endo-

dermal/hepatic lineage. At the end of d5, d5q9, and d5q9q22,

samples were collected from each cell line and the harvested

cells were used for total RNA isolation followed by cDNA

synthesis (Invitrogen).

In a modification of the Gordon Keller protocol we tried a cyto-

kine-based differentiation of ES cells into hepatic cells. gPS and

OG2-ES cells were plated on 6 cm gelatin dishes on ES cell

medium without LIF (media components described previously).

The cells were allowed to form a monolayer for around 12–16 h

and then the medium was changed to SFD medium containing

75% IMDM, 25% Ham’s F12 Medium (PAA) supplemented with

0.5= of Neuropan 2 (N2) (PAN, Aidenbach, Germany) and B27

(Gibco/Invitrogen) supplements, 1% Pen-Strep-L-glutamine,

0.05% BSA (PAA), 0.5% ascorbic acid and 4.5=10-4 M a-mono-

thioglycerol (MTG, Sigma-Aldrich). Activin A (50 ng/ml; Pepro-

Tech, Hamburg, Germany) was added for around 2 d. After 2 d

of Activin A treatment, 7 d of Activin A (50 ng/ml), bFGF (10

ng/ml, PeproTech) and BMP4 (50 ng/ml, PeproTech) treatment

was given. Medium was changed every alternate day and after

d9 the SFD was changed to HCM supplemented with Onco-

statin M (10 ng/ml, PeproTech) and hHGF (20 ng/ml, PeproTech)

for 19 d. At d24, the cells were transduced with albumin GFP

virus and tested for albumin expression. Samples were collected

on each day up to d8 and qRT-PCR was conducted to test for

hepatic genes using the same method as described above. Len-

tiviral transduction of an albumin-promotor-driven EGFP reporter

construct was performed as previously described (Sharma et al.,

2008).

Albumin-ELISA

The amount of albumin was determined using an ELISA assay

(Bethyl Laboratories Inc, Montogomery, TX, USA) according to

the manufacturer’s instructions. Briefly, the samples were col-

lected as cell supernatants and were filtered through a 0.45 mm

filter to dispose of the cell debris. Supernatant from Hepa 1–6

cells which was diluted 1:2 was used as a positive control.
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Abstract: 

Direct reprogramming of somatic cells into pluripotent cells by retrovirus-mediated 

expression of OCT4, SOX2, KLF4, and C-MYC is a promising approach to derive 

disease-specific induced pluripotent stem cells (iPSCs). In this study we focused on 

three murine models for metabolic liver disorders: the copper storage disorder 

Wilson’s disease (toxic milk mice), tyrosinemia type 1 (fumarylacetoacetate-

hydrolase-deficiency, FAH-/- mice) and alpha1-antitrypsin deficiency (PiZ mice).  

Colonies of iPSCs emerged 2-3 weeks after transduction of fibroblasts, prepared 

from each mouse strain and were maintained as individual iPSC lines. RT-PCR and 

immunofluorescence analyses demonstrated the expression of endogenous 

pluripotency markers. Hepatic precursor cells could be derived from these disease-

specific iPSCs applying an in vitro differentiation protocol and could be visualized 

after transduction of a lentiviral albumin-GFP reporter construct. Functional 

characterization of these cells allowed the recapitulation of the disease phenotype for 

further studies of underlying molecular mechanisms of the respective disease. 
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Introduction: 

To date, more than 200 liver based defects are identified, which can cause hepatic 

and extra-hepatic diseases, and such inborn errors of liver metabolism account for 

15% to 20% of liver transplantation indications for children. Hence, the elucidation of 

the molecular pathways of liver regeneration and extensive preclinical cell 

transplantation experiments in animals have led to the application of hepatocyte 

transplantation in a number of patients with hereditary metabolic liver disease and 

acute liver failure [1,2,3,4]. In these first clinical studies, hepatocyte transplantation 

has been considered either as a full treatment option, or, in more severe situations 

as a bridge to transplantation [5]. Furthermore, it was shown that cryopreserved 

hepatic cells from one organ could be applied for multiple children [6].  

The generation of iPS cells from adult somatic cells by retrovirus-mediated 

expression of pluripotency-associated genes in mice [7,8,9,10] and in humans 

[11,12,13] offers a unique tool to generate disease-specific iPS cells for 

pathophysiological studies (Fig. 1). As a proof-of-principle, it was demonstrated in 

recent publications that iPS cells from a murine sickle cell anaemia model as well as 

from Fanconi Anaemia patients can be generated, repaired and used for the 

correction of the disease by transplantation [14,15]. However, in order to use those 

iPS-derivatives for studies of the disease suitable differentiation protocols need to be 

applied to get a disease-specific cell phenotype. In the past, we and others have 

generated hepatic precursor cells from human and mouse embryonic stem cell lines 

[16,17,18,19]. With the existing differentiation protocols a primitive hepatic phenotype 

with foetal gene expression patterns can be induced in the majority of the embryonic 

stem cells [16,20]. Transplantation of these cells, however, have so far resulted only 

in scattered formation of hepatocytes or were reported to form small hepatocyte 

clusters in major urinary protein promoter (Mup) driven urokinase-type plasminogen 

activator (uPA) and FAH(-/-) mice [21,22,23]. Nevertheless, hepatic cells suitable for 

pharmacological testing have been described [24] and in a more recent publication, 
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hepatic cell differentiation of human ES cells was refined [25] achieving 

transplantable hepatic cells, which functionally engrafted in livers of immunodeficient 

mice. 

In our studies we aimed on generating disease-specific iPS cell from mice carrying 

genetic defects for three clinically relevant metabolic liver diseases. As murine model 

of the copper storage disorder Wilson’s disease we chose the so-called toxic milk 

mice, which carry a point mutation in the ATP7b gene [26] and closely represent the 

disease phenotype in patients [27]. As model for acute tyrosinemia type I, we studied 

fumarylacetoacetate hydrolase-deficient (FAH-/-) mice [28], which also serve as a 

well established liver regeneration model for studies on hepatic cell transplantation 

mechanisms. Finally, we investigated a transgenic mouse strain, which expresses 

the mutated isoform of the human !1-antitrypsin variant (PIZ) and which depicts liver 

damage related to accumulation of the misfolded proteins [29]. 
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Materials and Methods: 

Mice, animal tissue samples, and cell sources 

C3HeB/FeJ-Atp7btx-J/J (common name: Toxic Milk mice) were obtained from 

Jackson Lab (Bar Harbor, ME, USA). FAH-/--mice were provided by Arndt Vogel 

(Hannover Medical School, Germany) and tissue samples (ear cuts and tail tips) from 

adult PiZ mice were obtained from Robert Bals (University of Homburg/Saar, 

Germany). All animals were maintained and handled in accordance with institutional 

guidelines with free access to food and water. Murine embryonic stem cells carrying 

an Oct4-promoter driven eGFP transgene derived from OG2 mice [30] as well as 

embryonic stem cells derived from C3H mice (Charles River) were provided by the 

Max Planck Institute for Molecular Biomedicine (Münster, Germany). 

Isolation and reprogramming of adult mouse fibroblasts: 

Fibroblasts were isolated foetuses of toxic-milk and FAH-/- mice (ED 13.5) and ear 

cuts of adult PiZ mice, respectively. Cells were maintained in DMEM low glucose 

(PAA, Austria) supplied with 10% FBS (PAA), 1% Penicillin/Streptomycin + L-

Glutamine (PAA) and 100µM ß-Mercaptoethanol (Gibco, Germany). One day before 

transduction, fibroblasts were seeded at 100,000 cells per well of a 6-well plate (TPP, 

Switzerland). Next day, toxic-milk and FAH-/- fibroblasts were transduced with 3 "l 

each of concentrated retroviral reprogramming vectors hOCT4, hSOX2, hKLF4 and 

hC-MYC, whereas PiZ fibroblasts were transduced with 3 "l each of concentrated 

lentviral hOCT4, hSOX2 and hKLF4. Cells were cultured for 24 days in mouse ES 

cell medium supplemented with Leukemia Inhibitory Factor (LIF) and replated on a 6 

cm dish of C3H mouse embryonic fibroblast (MEF) feeder cells. 6 days later, 

colonies were picked and sub-cloned. 

Production of lentiviral and gamma-retroviral vectors 

For lentiviral vectors production, one day before transfection HEK 293T cells were 

seeded at 3 x 106 cells per 10 cm dish (TPP) in DMEM complete (DMEM high 

glucose (PAA) supplied with 10% FBS (PAA) and 1% Penicillin/Streptomycin + L-
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Glutamine (PAA). On the day of transfection, medium was exchanged with 8 ml 

DMEM complete supplemented with 25 µM Chloroquine (Sigma-Aldrich, Germany). 

Plasmids encoding for lentiviral gag/pol (pCDNA3.GP.CCCC, 10 µg), RSV-Rev 

(pRSV-Rev, 5 µg), VSV-G (pMD2.G, 2 µg) and packaging plasmid encoding for 

respective transgene (SFFV-hOCT4, SFFV-hSOX2, SFFV-hKLF4, SFFV-hC-MYC, 

Alb-GFP, 10 µg) were mixed in 400 µl of ddH2O and 100 µl of 1.25 M CaCl2. The 

plasmids-CaCl2 mixture was added dropwise to 2xHBS and observed until 

preciptates became visible in phase-contrast microscope and then added to HEK 

cells. 7 hours later, medium was exchanged with 10ml DMEM complete and 36 

hours later, supernatant was collected, passed through 0.45 µm filter and centrifuged 

at 14,000 x g for 8 h. Virus pellet was resuspended in PBS (PAA) in 0.5% of volume 

of collected supernatant (200-fold concentration). Gamma-retroviral vectors were 

produced as previously reported [31]. 

Pluripotent stem cell culture 

Murine iPSC and OG2 (Oct4-GFP transgenic) embryonic stem (ES) cells were 

cultivated on mouse embryonic fibroblasts on gelatinized dishes (Falcon BD) in 

culture medium I (Knock Out DMEM, Invitrogen) supplemented with 15% FCS 

(selected batches) and additives: 0.2% 50 mM ß-Mercaptoethanol, 1% Pen/Strep/L-

Gln, 1% non-essential amino acids (all PAA) and 10 ng/ml recombinant human 

leukemia inhibitory factor (LIF, Chemicon). 

Immunocytochemistry: 

Cells were seeded on C3H feeder cells three days prior to cytochemistry staining at a 

density of 50 cells per well in a 24-well dish (TPP). Cells were fixed with 4% PFA for 

20 min at 4°C, washed twice with TBS and permeabilized with 0.1% Tween20 and 

0.05% NP-40 in TBS for 30 min at room temperature (RT). Fixed cells were blocked 

with 5% BSA in TBS for 30 min at RT and washed three times with TBS. Primary 

antibody was diluted in TBS 1:75 for Nanog (Santa Cruz, sc-30328) and 1:100 for 

Oct4 (Santa Cruz, sc-5279), incubated for 1h at RT and washed three times. 
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Secondary antibody was diluted 1:400 in TBS (Invitrogen: Nanog Alexa Fluor® 

647A21447 and for Oct4 Alexa Fluor® 488 A11001) and incubated for 45 min at RT. 

Cells were washed twice and stained with 0.2 "g/ml DAPI (Invitrogen D3571) in TBS 

for 1 min at RT. Cells were washed twice and analysed using Olympus IX71 and Cell 

P software. 

Alkaline phosphatase (AP) staining: 

AP staining was performed using the Chemicon Alkaline Phosphatase Detection Kit 

(Millipore, USA) according to manufacturer’s protocol. 

cDNA synthesis and Taqman-based qRT PCR: 

cDNA synthesis was performed using the SuperScriptTM III First-Strand Synthesis 

System for RT-PCR Kit (Invitrogen, USA) with Random Hexamers. Taqman-based 

qRT PCR assays were performed on the StepOne PlusTM Cycler (Applied 

Biosystems) using the standard settings. Taqman probes were ordered from Applied 

Biosystems for murine #-Actin (Mm00607939_s1), Oct4 (Mm00658129_gH), Sox2 

(Mm00488369_s1), Nanog (Mm02019550_s1), Albumin (Mm00802090_m1), Afp 

(Mm00431715_m1), Ck18 (Mm01601706_g1), Abcc2 (Mm00496899_m1), Ttr 

(Mm00443267_m1), Hnf4a (Mm00433964_m1) and human SERPINA1 

(Hs01097800_m1), OCT4  (Hs_03005111_g1), SOX2 (Hs_01053749_s1), KLF4 

(Hs_00358836_m1), C-MYC (Hs_01570247_m1). Analyses of exogenous retrovirally 

expressed murine reprogramming was performed using the following primer / probe 

combinations: pMXs-Oct4 for: TGGTACGGGAAATCACAAGTTTG, rev: 

GTCATAGTTC CTGT TGGTGA AGTTCA, probe: 6FAM-CTTCACCATGCCCCTCA-

MGB; pMXs-Sox2 for: GTGTGGTGGTACGGGAAATCAC, rev: TTCAGCTCCGT 

CTCC ATCATG, probe: 6FAM-TGTACAAAAAAGCAGGCTTGT-MGB; pMXs-Klf4 

for: GTGTGGTGGTACGGGAAATCA, rev: CGCGAACGTGG AGAA GGA, probe: 

6FAM-CTTCACCATGGCTGTCAG-MGB; pMXs-cMyc for: 

TGGTACGGGAAATCACAAGTTTG, rev: GTCATAGTTCCTGTTGGTGAAGTTCA, 

probe: 6FAM-CTTCACCATGCCCCTCA-MGB. 
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Teratoma assays: 

For teratoma formation assays, 1 x 106 cells were transplanted subcutaneously into 

NOD/SCID mice and grown for 2-3 months. Mice were sacrificed and teratomas were 

fixed in 10% formalin and embedded into paraffin. Sections were stained with 

Hematoxylin and Eosin and evaluated for the formation of the three germ layers. 

Hepatic differentiation protocol: 

iPSCs were differentiated with a modified version of the hanging drop method as 

previously published by Kania et al. [17]. Briefly, iPSCs were trypsinized and pre-

plated on gelatin-coated 6 cm dishes (TPP) for 45 min for separation from feeder-

cells. iPS cell containing supernatants were centrifuged at 250 x g for 4 min and re-

suspended in mouse ES cell culture medium without LIF to 30’000 cells/ml. From this 

cell suspension, 50 x 20 µl hanging drops were put on the inside of the lid of a 10 cm 

dish and grown at 37°C in 5% CO2 incubator for embryoid body (EB) formation. At 

day 5, EBs were collected and kept in IMDM with 20% FBS, 1% Pen/Strep/L-Gl n, 

1% non-essential amino acids, 0.2% 50 mM #-Mercaptoethanol, 0.1% 450 mM !-

Monothioglycerol (all PAA) on gelatin-coated 6-wells (25 EB’s per well). 9 days later, 

cells were trypsinized and transferred on rat tail collagen type I (Roche Diagnostics) -

coated 6-wells and kept in IMDM for overnight attachment. Next day, cells were 

washed once with PBS and kept on HCM with SingleQuots (Lonza) for further 

hepatic differentiation for 14-20 days. In case of transduction with lentiviral Alb-GFP 

reporter construct, 1x10e6 lentiviral particles (MOI ~ 3-5) were added to 2ml HCM in 

each well of a 6-well at day 5+9+3 and incubated for 48h before medium exchange. 

This protocol yields in transduction efficacy close to 100% in murine hepatoma cells 

(Hepa 1-6) with on negligible expression in non-hepatic cells, such as fibroblasts. 

Hepatic differentiation efficiency was estimated by FACS analysis for GFP-positive 

cells at the end of differentiation on a BD FACS Calibur (BD Biosciences). 

Albumin ELISA: 
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Cell supernatant was harvested after three days from day 5+9+14 hepatic 

differentiated cells. Supernatant of Hepa 1-6 cells served as a positive control and 

was diluted 1:1 with fresh media. The ELISA was performed according to 

manufactures protocol (Mouse albumin ELISA Kit; Bethyl Laboratories) using 100 "l 

supernatant per reaction. The primary antibody was diluted 1:1000, the secondary 

antibody 1:10000 and TMB ELISA Substrate was added (Thermo Scientific Pierce, 

USA). Secreted albumin was calculated per 1.000 cells and normalized to time. 

Urea production: 

Urea production was analysed using the diacetyl monoxime method [32]. 

Supernatant was harvested after three days from day 5+9+14 hepatic differentiated 

cells. For the colour reaction 100 "l supernatant was mixed with 1400 "l reagent 

(distilled water, mixed acid reagent and mixed colour reagent in the ratio 1:1:1) and 

boiled for 15 min at 98°C. Absorbance was detected using a 540 nm filter in a single 

point measurement. The results were normalized 10.000 cells and 24h. 

Cytochrome P450 activity: 

Activation of cytochrome P450 subtype 1A1 was determined using the EROD assay 

[33]. Fresh media containing 10 "M dicumarol and 8 "M 7-ethoxyresorufin was 

added for two hours on day 5+9+14 hepatic differentiated cells. 75 "l of cell 

supernatant was mixed with 25 "l 0.1 M Na-Ac solution and incubated with 10 units 

of #-glucuronidase/arylsulfatase for 2h at 39°C. Reaction was stopped by adding 200 

"l EtOH and resorfurin was analysed photometrically using 535 nm excitation and 

595 nm emission filters. Results were normalized to 10000 cells and 2h. 

Karyotype analysis: 

Cells were treated with 10"m/ml Nocodazole for 8 hours to arrest cells in metaphase. 

These cells were then collected after trypsinization and lysed in 0.56% KCl before 

fixation in Methanol:Acetic Acid (3:1). The cell nuclei were then dropped on glass 

slides from a height of 1.5 meters and further stained with DAPI for chromosomal 

count analysis.  
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Results and Discussion: 

iPSC from the murine model of Wilson’s disease 

As first murine model of hepatic liver diseases, from which we generated iPSCs, we 

chose Jackson toxic milk mice. These mice reflect the human disorder Wilson’s 

disease leading to fibrotic changes, inflammatory infiltration, and copper 

accumulation in the mice’s liver [27]. Toxic milk mice-derived iPSCs were generated 

using foetal fibroblasts cultured under adherent monolayer conditions. Cells were 

transduced with gamma-retroviruses encoding for the mouse Oct4, Sox2, Klf4 and c-

Myc cDNAs [7,31] and maintained under normal feeder cell culture conditions. After 

six days, the transduced cells were split and seeded on irradiated feeder cells 

applying standard mouse embryonic stem cell culture conditions. About two weeks 

later colonies with different morphologies emerged from the initially transduced cells 

(Figure 2A). Those colonies, which morphologically most closely resembled normal 

embryonic stem cells, were mechanically picked and subcloned, prior to further 

cultivation for derivation of individual iPSC lines (Figure 2B). For further 

characterisation the iPSCs were seeded on cover slips for immunohistochemical 

staining (Figure 2C-F). Analyses of the two most important pluripotency-associated 

markers Oct4 (Figure 2C) and Nanog (Figure 2D) clearly depicted the co-localisation 

of these markers with the DAPI stained nuclei (Figure 2E) of toxic milk iPSC 

colonies. Furthermore, the pluripotent status of the toxic milk iPSC colonies was 

confirmed by alkaline phosphatase (AP) activity as depicted in Figure 2G, which is a 

functional hallmark of reprogrammed pluripotent stem cells. Our findings were further 

supported by quantitative analyses of the gene expression profile by qRT PCR 

(Figure 2I). The derived toxic milk iPSC line shows a high expression level of the 

pluripotent markers Oct4, Nanog and Sox2 referred to silent transcriptional activity in 

the starting murine embryonic fibroblasts. Compared to control embryonic stem cells 

(ESC), derived from Oct4-GFP transgenic (OG2) mice, the gene expression of these 

markers was slightly reduced but the proportions between the different markers 
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reflected the expression pattern of murine embryonic stem cells. Toxic milk iPSCs 

were able to form teratomas when transplanted subcutaneously into NOD/SCID mice 

(Figure. 2 J-L) and, moreover, the reprogramming transgenes were shown to be 

silenced in the fully reprogrammed iPSCs (Supplementary Figure 1A). Karyotype 

analysis revealed a diploid set of 40 chromosomes (Figure 2H). To summarise, our 

toxic milk iPSC line exhibited the most important pluripotent stem cells’ 

characteristics suggesting a well established pluripotency network and a fully 

pluripotent status of these reprogrammed cells.  

For the hepatic differentiation of toxic milk iPS cells we used a protocol based on the 

generation of cell aggregates in embryoid bodies [17,21]. The embryoid bodies were 

first cultured in “hanging drops” and then plated in media containing !-

monothioglycerol supporting endodermal specification, before maturation in 

hepatocyte culture medium (HCM), which supports differentiation of hepatic 

precursor cells. At the final stage of this protocol we obtained cells exhibiting a 

polygonal morphology, which resembled definitive endoderm-derived hepatic cells 

(Figure 3A). For further analyses, the differentiated cells were transduced with a 

lentiviral reporter construct expressing enhanced green fluorescent protein (eGFP) 

under transcriptional control of the Albumin promoter / enhancer cassette [21]. This 

assay identified the polygonal-shaped differentiated cells as eGFP-expressing 

hepatic cells (Figure 3B) obtained at the final step of the differentiation protocol. 

However, the total amount of eGFP-positive cells was below 10% and, therefore, the 

putative hepatic cells were purified by fluorescence-activated cells sorting (FACS) 

prior to gene expression analyses by quantitative RT-PCR (Figure 3C). The toxic 

milk iPSC-derived hepatic cells expressed the adult hepatic marker albumin (Alb), 

the progenitor marker !-fetoprotein (Afp), cytokeratin 18 (Ck18), which is a marker 

distinguishing hepatic cells from cholangiocytic cells, transthyretin (Ttr), and 

hepatocyte nuclear factor 4! (Hnf4!). Furthermore, expression of the apical 

conjugate export pump MRP2 (AbcC2) was detectable, which is a hallmark of 
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polarized hepatocytes, exhibiting a (sinusoidal) baso-lateral and (canalicular) apical 

membrane domain. Next, we applied 250 "M copper sulphate during the last 7 days 

of hepatic differentiation and evaluated ATP7B-mediated copper transport in toxic 

milk iPSC-derived hepatic cells in comparison to hepatic cells from controls (C3H 

mice-derived iPSCs). The number of hepatic cells derived from the control C3H-

iPSCs increased 1.8-fold when 250"M copper sulphate was added, due to the toxic 

effect of copper on non-hepatic cells in the bulk fraction of differentiating cells (Figure 

3D). Remarkably, hepatic cells derived from the toxic milk iPSCs were not protected 

during the copper sulphate challenge, which confirms the ATB7B-deficient phenotype 

of these cells. 

 

iPSC from FAH-deficient mice to study tyrosinemia type 1: 

As a second murine model of hereditary metabolic liver diseases we investigated 

fumarylacetoacetate hydrolase knockout (FAH-/-) mice [28], which serve as a model 

for acute tyrosinemia type 1, resulting in a lethal neonatal liver dysfunction phenotype 

[34]. We have generated iPSCs from these mice by transduction of FAH-/-–MEFs with 

retroviral vectors encoding mouse Oct4, Sox2, Klf4 and c-Myc. 9-12 days after initial 

transduction first iPSC-like colonies were observed, which were subcloned as 

individual FAH-/-–iPSC lines on day 16 (Figure 4A). The expression of endogenous 

pluripotency markers in these reprogrammed cells was confirmed by 

immunofluorescence staining against murine Oct4 and Nanog (Figure 4B,C). Fully 

reprogrammed FAH-/-–iPSCs cells showed effective silencing of reprogramming 

transgenes (Supplementary Figure 1B), retained a normal karyotype (Figure 4D) and 

activated the endogenous pluripotency network with strong expression of Oct4, 

Nanog, and Sox2 (Figure 4E). Furthermore, 5 weeks after subcutaneous injection of 

1x106 undifferentiated FAH-/-–iPSCs into NOD/SCID mice we could analyse 

teratomas, which contained various cell types from all three germ layers as depicted 

in Figure 4F-G. Next, we applied the previously described hepatic in vitro 
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differentiation protocol also to the FAH-/-–iPSCs. After differentiation, FAH-/-–iPSCs 

showed expression of a set of characteristic hepatic markers (Afp, Alb, Ck18, AbcC2, 

Ttr, Hnf4) as shown in Figure 4I. The amount of hepatic cells derived from the FAH-/-

–iPSCs was estimated by the proportion of eGFP-positive cells (Figure 4J-K), at the 

end of the differentiation period (day 5+9+20), three days after transduction with the 

lentiviral reporter construct expressing eGFP driven by the Albumin 

promoter/enhancer [21]. Because neonatal FAH-/-–mice can be rescued from hepatic 

failure by supplementation with the compound 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3 

cyclohexanedione (NTBC) we also added this substance during the last 10 days of 

the in vitro differentiation protocol to a subset of our experiments (Figure 4L-M). 

Fluorescence microscopy at the end of the differentiation protocol revealed that the 

treatment with 20 "g/ml of NTBC supports the viability of hepatic cells derived from 

FAH-/-–iPSCs, as we could observe a higher proportion of Alb-eGFPpos cells in the 

differentiated population of cells receiving NTBC (Figure 4L) compared to 

differentiated cells from untreated cells (Figure 4J). 

 

PiZ mice-derived iPSCs for studying !1-antitrypsin deficiency 

As a third murine model of a hereditary metabolic liver disease we investigated PiZ-

mice, which express a mutated form of human !1-antitrypsin and acquire a human 

disease-specific liver phenotype [27,29]. The PiZ !1-antitrypsin protein corresponds 

to a point-mutation (E342K) in the human SERPINA1 gene [35] and is termed 

proteinase inhibitor Z-variant or PiZ, which is prone to polymerization and 

accumulation in the endoplasmic reticulum of hepatocytes and can lead to liver 

cirrhosis and hepatocarcinoma [36]. To generate iPSCs from such PiZ mice, we 

transduced ear fibroblasts from PiZ-mice with lentiviral vectors encoding human 

OCT4, SOX2, and KLF4, respectively. 14 days after transduction iPSC-like colonies 

were picked and subcloned to derive individual PiZ-iPSC lines. These iPSCs 

depicted all morphological features of murine pluripotent stem cells (Figure 5A) with 
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a compact colony shape and a clear shining borderline to the surrounding feeder 

cells. Moreover, PiZ-iPS cells stained positive for alkaline phosphatase (Figure 5B) 

and possess a diploid karyotype consisting of 40 chromosomes (Figure 5C). The 

characteristic gene expression of endogenous pluripotency markers Oct4, Nanog 

and Sox2 was in the same range as control murine embryonic stem cells (Figure 5D) 

whereas, exogenous human OCT4 was silenced when compared to freshly 

transduced PiZ ear fibroblasts (Supplementary Figure 1C). Pluripotency of these PiZ-

iPSCs was further confirmed by teratoma formation after subcutaneous injection into 

NOD/SCID mice resulting in tumours with various cell types of all three germ layers 

(Figure 5E-G). Finally, we investigated if hepatic derivatives of PiZ-iPSCs express 

the mutated human !1-antitrypsin variant. To this end, we subjected PiZ-iPSCs to 

our hepatic differentiation protocol. At day 5+9+3 after the start of differentiation, we 

transduced the cells using our lentiviral Alb-eGFP-expressing reporter construct and 

we could observe morphologically distinct clusters of eGFP-positive hepatic cells 

derived from differentiated PiZ-iPSCs on day 5+9+14 (Figure 5J-K). Differentiated 

and transduced cells were also analyzed by flow-cytometry for Alb-GFP positive cells 

on day 5+9+14 (Figure 5L) demonstrating that the majority of cells (65.3%) exhibited 

a hepatic phenotype. When we applied Taqman-based qRT PCR analysis to these 

hepatic PiZ-iPSC-derivatives, we were able to confirm the hepatic phenotype by 

showing expression of a set of characteristic hepatic markers, such as Afp, Alb, 

Ck18, AbcC2, Ttr, Hnf4 (Figure 5H), and, more importantly, we detected expression 

of the disease-causing PiZ variant of the human SERPINA1 transgene, which was as 

strong as albumin expression (Figure 5M). Functionality of differentiated PiZ iPSCs 

was characterized by measuring albumin secretion by ELISA, urea production and 

CYP450 activity (Figure 5I). 

 

Combining two recent breakthroughs in stem cell biology, the generation of patient-

derived pluripotent stem cells [37] and the generation of hepatic cells from 
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uncommitted pluripotent stem cells [18,19,20,25, Loya, 2009 #561], new therapeutic 

approaches for various metabolic liver diseases may emerge. With respect to 

metabolic liver diseases, two recent publications support the feasibility of generating 

such disease-specific iPS cells from murine [38] and human individuals [39]. Those 

cells offer a unique opportunity for studies of the pathophysiology of the respective 

disease on a cellular level. To this end, we investigated whether hepatic progenitors 

depicting the pathophysiological hallmarks of the respective disease can be 

generated from iPSCs derived from murine models of the copper storage disorders 

Wilson’s disease [26], of acute tyrosinemia type I [28], and of !1-antitrypsin 

deficiency [29]. All three murine disease models cover the relevant characteristics of 

the hepatic disease phenotypes in patients and were well studied animal models. 

Although recent publications suggest alternative approaches for iPSC generation 

such as use of non-integrating viral vectors [40,41,42,43], protein transduction 

[44,45], plasmid transfection [46] or stabilized mRNA application [47], we chose the 

well established gamma-retroviral vector system [7,31] for delivery of the 

reprogramming factors to MEFs from toxic milk mice and FAH-/-–mice and a recently 

improved lentiviral delivery system for iPSC generation from PiZ-mouse fibroblasts 

[48]. In the light of recent publications discriminating between partially and fully 

reprogrammed iPSCs and differences in the epigenetic memory in iPSCs [49,50,51], 

we assume that the robust viral delivery method is the most stable reprogramming 

system. This conclusion is supported by the fact that fully iPSC-derived mice were so 

far only generated using iPSCs derived by these viral techniques for 

complementation of non-developing tetraploid embryos [49,52,53,54]. The molecular 

and functional data from our experiments provides strong evidence that our iPSC 

from the various disease models are fully reprogrammed as we observed a stable 

ES-like morphology for multiple passages, strong expression of pluripotency markers 

and, most importantly, unimpaired differentiation capabilities into hepatic cells, 

applying in vitro differentiation protocols. 
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Even if the embryoid body-based hepatic differentiation protocol [17,21] does not use 

the extrinsic supplementation of instructive cytokines as Activin A or BMP4 for 

induction of endodermal differentiation, we robustly obtained a proportion of around 

10% of the cells, which acquired a hepatic phenotype. Furthermore, these cells 

functionally correlated to the respective diseases, such as sensitivity to excess 

copper administration in toxic milk-hepatic cells or response to NTBC treatment in 

FAH-/-–hepatic cells. When we analyzed the !1-antritrypsin related iPSCs from PiZ 

mice, we chose a recently established cytokine-based differentiation protocol, which 

is based on a monolayer cell culture in serum-free media conditions [16]. Preliminary 

results suggested that the hepatic cells obtained with this protocol are more mature, 

but the overall reproducibility of this protocol needs further attention. Most probably, 

the optimal cytokine application schedule is strongly dependent on cell proliferation 

and density as well as on other factors during the time course of differentiation and, 

therefore, the robustness of this protocol is not easy to achieve. Nevertheless, we 

chose this protocol for the hepatic differentiation of PiZ-iPSCs, because we aim to 

further elaborate on the !1-antitrypsin-defiency with patient-derived iPSC in the 

future, which only is possible with cytokine based protocols acting on monolayer 

human iPSC cultures.  
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Conclusions 

Here, we successfully generated iPSC from three highly relevant murine metabolic 

liver disease models and we established in vitro differentiation into disease-specific 

hepatic cells, which exhibit the pathophysiological phenotype of the clinical condition. 

Such cells will allow future studies on new drug targets or gene repair strategies for 

the respective metabolic liver disorder. 
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Figure legends: 

Figure 1: 

Induced pluripotent stem cells (iPSCs) can be generated using retro- or lentiviral 

constructs expressing the canonical reprogramming factors Oct4, Klf4, Sox2 with or 

without c-Myc. This technique allows the generation of pluripotent stem cells from 

diseased individuals. Subjection of these iPS cells to hepatic differentiation protocols 

results in an easily accessible source of disease-specific hepatic cells. Importantly, 

this technique might pave the way for in depth study of corresponding liver diseases. 

 

Figure 2: 

A: iPSCs generated from fibroblasts isolated from toxic-milk mice using retroviral 

vectors expressing human OCT4, KLF4, SOX2 and c-MYC. B: iPSCs were sub-

cloned to obtain better colony morphology. C-F: Sub-cloned iPSCs stained positive 

for murine Oct4 and Nanog, whilst DAPI was used to stain the nuclei. G: Staining for 

alkaline phosphatase expression of toxic-milk iPSC subclones. H: Karyotype analysis 

of DAPI stained metaphase spreads. I: qRT PCR analysis for endogenous Oct4, 

Nanog and Sox2 expression in toxix-milk iPSCs and OG2 ESCs compared to mouse 

embryonic fibroblasts. J-L: Teratoma sections depicting formation of neuro-

ectoderm, mesoderm (connective tissue), and endoderm. 

 

Figure 3: 

A, B: Toxic-milk iPS were subjected to hepatic differentiation using hanging drop 

method and transduced with lentiviral Alb-GFP expression vector. C: qRT PCR 

analysis for hepatic marker genes Afp, Alb, Ck18, Abcc2, Ttr, Hnf4!. Undifferentiated 

cells served as negative control, in which no hepatic gene expression was 

determined until cycle 45 (!). D: During the last seven days of differentiation, the 

cells were challenged with copper. The toxic-milk mice-derived cells could not export 

copper and, therefore, no enrichment of Alb-positive cells was achieved. However, 
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C3H-derived control cells were able to “detoxify” copper after hepatic specifications 

and, therefore, Alb-eGFP-positive cells were enriched.  

 

Figure 4: 

A-C: iPS generated from fibroblasts isolated from FAH-/-–mice using retroviral vectors 

expressing human OCT4, KLF4, SOX2 and c-MYC were stained for murine Nanog 

and Oct4. D: Karyotype analysis of DAPI stained metaphase spreads. E: Expression 

of endogenous Oct4, Nanog and Sox2 determined by qRT PCR compared to ES 

cells. F-H: FAH-/-–iPSCs were able to form tissues from all three germ layers when 

transplanted subcutaneously into NOD/SCID mice. I: qRT PCR analysis for hepatic 

marker genes Afp, Alb, Ck18, Abcc2, Ttr, Hnf4!. Undifferentiated cells served as 

negative control, in which no hepatic gene expression was determined until cycle 45 

(!). J-K: FAH-/-–iPSCs differentiated using the hanging drop method and transduced 

with lentiviral Alb-eGFP expression vector. L-M: FAH-/-–iPSCs differentiated with the 

same method but with NTBC treatment. The NTBC-treatment rescued the lethal 

phenotype of hepatic cells, and more Alb-eGFP positive cells were detectable.  

 

Figure 5: 

A: iPSCs generated from ear fibroblasts isolated from PiZ mice using lentiviral 

vectors expressing human OCT4, KLF4 and SOX2. B: Staining for alkaline 

phosphatase expression of PiZ-iPSCs. C: Karyotype analysis of DAPI stained 

metaphase spreads. D: qRT PCR analysis for endogenous expression of 

pluripotency markers Oct4, Nanog and Sox2 in PiZ-iPS and OG2 ES. E-G: PiZ iPS 

were able to form tissues from all three germ layers when transplanted 

subcutaneously into NOD/SCID mice. H: qRT PCR analysis for hepatic marker 

genes Afp, Alb, Ck18, Abcc2, Ttr, Hnf4!. Undifferentiated cells served as negative 

control, in which no hepatic gene expression was determined until cycle 45 (!). I: 

Functional analysis of iPSC derived hepatic cells: Albumin secretion detected by 
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ELISA, urea production and CYP450 activity assay. J-K: Day 5+9+14 hepatic 

differentiated PiZ-iPSCs transduced on day 5+9+3 with a lentiviral Alb-eGFP reporter 

construct L: FACS-analysis on day 5+9+14 of hepatic differentiation for Alb-GFP 

positive cells. M: qRT PCR analysis for expression of human SERPINA1 and 

Albumin on d5+9+14 of cytokine-based differentiation.  

 

Supplementary Figure 1: 

A-B: qRT PCR analysis for the murine reprogramming factors Oct4, Sox2, Klf4 and 

c-Myc compared to freshly transduced fibroblasts. C: qRT PCR analysis for human 

OCT4 used in reprogramming compared to freshly transduced fibroblasts. 

Exogenous levels of Klf4 and Sox2 were not determined (n.d.) in this set of 

experiments. 
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Fig. 1: iPS cells as model to study metabolic liver diseases
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Fig. 3: Hepatic differentiation of toxic milk iPS cells
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Fig. 4: FAH-/-–iPS cells 
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Figure 5: PiZ iPS cells
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Supplementary Figure 1:  
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4.    Follow-Up Experiments 

 

In order to improve the functionality and the hepatic phenotype of the finally differentiated 

cells we made certain improvements or refinements to our previously published cytokine- 

based protocol [3]. 

 

4.1   Differentiation Using a Modified Cytokine-Based Approach 

 

In a modification of our previously published protocol, we started with a known number of 

cells (25,000/well of a 6 well plate). The cells were plated overnight on ES cell medium 

without LIF on gelatin coated 6 well dishes in order to facilitate over night adherence. The 

next day the medium was changed to SFD, supplemented with N2 (PAN, Germany) and B27 

(GIBCO, Invitrogen, Germany) growth supplements [3,52]. Activin A (Peprotech, USA) 

(50ng/ml) was added for two days to facilitate induction of early endoderm. A further push 

towards a more definitive endoderm was achieved by addition of BMP4 (Peprotech, USA) 

(50ng/ml) and bFGF (10 ng/ml) for a period of 4 days. 

 

After day 6 the cells were trypsinized using 0.05% Trypsin EDTA. The cells were plated on 

to collagen coated dishes overnight in SFD to facilitate attachment. The next day the medium 

was changed to Hepatocyte Culture Medium (Lonza, Germany) and supplemented with 

human hHGF (Peprotech, USA) (20 ng/ml) for 3 days to facilitate hepatocyte proliferation. A 

further maturation of the hepatic phenotype was achieved by addition of OSM (10ng/ml) for 

another three days. The cells were then cultured up to day 20 on HCM to enhance 

proliferation. A schematic representation of the above mentioned protocol is shown below 

(Fig. 6). 
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Fig. 6: Schematic representation of the improved cytokine-based protocol using monolayer of cells for 
differentiation into hepatocytes. 
     

4.2    Selection of Differentiated Cells  

 

Since clusters of pluripotent cells still exist in the differentiated cells, we used an antibiotic 

selection strategy, in order to get rid of them. For this purpose, a Neomycin resistance gene 

was cloned in the previously published Albumin promoter/enhancer coupled lentiviral vector 

[84]. The GFP was replaced by dTomato, since the pluripotent gPS cells we use in our study 

were obtained from the OG2 mice and hence were GFP positive in pluripotent state (Fig. 7) 

[85].  

67



FOLLOW-UP EXPERIMENTS 

  

 
 

                       

2000

4000

6000

8000

10000

RSV RU5

dGag

RRE

PPT

murine Albumin

Neo/Kan 

IRES

d Tomato
'PRE

SIN

SV40 pA/Ori

F1 ORI

Amp

dTomato

F1 Ori

2000

4000

6000

8000

10000

RSV RU5

dGag

RRE

PPT

murine Albumin

Neo/Kan 

IRES

d Tomato
'PRE

SIN

SV40 pA/Ori

F1 ORI

Amp

dTomato

F1 Ori

 

Fig. 7: Albumin-dTomato-Neomycin Vector Map [85].  

 

The differentiating cells were transduced with an MOI of 5 on day 8 of differentiation.  

Three days later, the cells were treated with antibiotic G418 (1.5 mg/ml), to select for 

albumin positive cells and to get rid of pluripotent stem cells till the end of the protocol. At 

day 20, fluorescence microscopy was performed to check for Albumin-dTomato positive 

cells. Pluripotent GFP clusters were visible in the untreated cells (Fig. 8-11). 
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Fig. 8: OG2 ES cells at day 20 after transduction and selection. Albumin-dTomato positive cells (left) and 
corresponding phase contrast image (right) at 10x objective magnification. 

 
 

     

 

Fig. 9: pES cells at day 20 after transduction and selection. Albumin-dTomato positive cells (left) and 
corresponding phase contrast image (right) at 10x objective magnification. 
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Fig. 10: gPS cells at day 20 after transduction and selection. Albumin-dTomato positive cells (left) and 
corresponding phase contrast image (right) at 10x objective magnification. 
 

     

 

Fig. 11: Pluripotent Oct4-GFP clusters present in the untreated differentiated cells at day 20. gPS (left) and OG2 
ES cells (right) at 10x objective magnification. 
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4.3    Analysis of Differentiated Cells 

 

The differentiated cells were analyzed for hepatic marker expression using Taqman based 

qRT-PCR assays (ABI, Germany) after mRNA isolation (Peqlab, Germany) and cDNA 

synthesis (Superscript III, Invitrogen, Germany). The treated differentiated cells showed 

expression of albumin, afp, hnf4α and ttr at day 20 after transduction with the Albumin-

dTomato-Neomycin lentiviral vector and selection with G418. The expression was 

normalized to Hepa 1-6 cells. Fetal liver day 11.5 was used as a second positive control (Fig. 

12-15).  

 

Pluripotency marker expression was also analyzed in the treated as well as untreated cells. 

Undifferentiated OG2 ES, pES and gPS cells were used as a positive control for their 

corresponding differentiated cell population at day 20 after mRNA isolation and cDNA 

synthesis (Fig. 16-17). 

 

Functionality of the differentiated and treated cells at day 20 cells was confirmed by 

measuring levels of serum albumin with the help of an Albumin ELISA assay (Bethyl 

Laboratories, USA), performed according to manufacturer’s protocol. Amount of urea 

produced in the supernatant and the cytochrome P450 activity was also measured in the 

differentiated treated cells at day 20 [66] (Fig. 18-20). 
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Fig. 12: Albumin gene expression at day 20 in differentiating cells after transduction with Albumin-dTomato-
Neomycin lentiviral vector and selection with G418 antibiotic. All samples normalized to Hepa 1-6 cells. 
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Fig. 13: Alphafetoprotein gene expression at day 20 in differentiating cells after transduction with Albumin-
dTomato-Neomycin lentiviral vector and selection with G418 antibiotic. All samples normalized to Hepa 1-6 
cells. 
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Fig. 14: Hepatocyte Nuclear actor 4α gene expression at day 20 in differentiating cells after transduction with 
Albumin-dTomato-Neomycin lentiviral vector and selection with G418 antibiotic. All samples normalized to 
Hepa 1-6 cells 
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Fig. 15: Transthyretin gene expression at day 20 in differentiating cells after transduction with Albumin-
dTomato-Neomycin lentiviral vector and selection with G418 antibiotic. All samples normalized to Hepa 1-6 
cells 
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Fig. 16: Pluripotency marker expression at day 20 in differentiating cells after transduction with Albumin-
dTomato-Neomycin lentiviral vector and selection with G418 antibiotic. Differentiated OG2 ES cells 
normalized to undifferentiated OG2 ES cells, differentiated pES cells normalized to undifferentiated pES cells 
and differentiated gPS cells normalized to undifferentiated gPS cells. T depicts treated cells. 
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Fig. 17: Pluripotency marker expression at day 20 in untreated (UT) differentiating cells. Differentiated OG2 ES 
cells normalized to undifferentiated OG2 ES cells, differentiated pES cells normalized to undifferentiated pES 
cells and differentiated gPS cells normalized to undifferentiated gPS cells. 
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Fig. 18: Detection of serum albumin levels in selected cells at day 20 with Albumin ELISA 
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Fig. 19: Detection of Cytochrome P450 activity in selected cells at day 20 with EROD Assay. 
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  Fig. 20: Detection of Urea production in differentiated and treated cells at day 20. 

 

4.4  Results  

 

The differentiated cells showed a presence of Albumin-dTomato positive cells on day 20 of 

differentiation after transduction and selection and in the untreated cells Oct4-eGFP positive 

fluorescent clusters were still visible (Fig. 8-11). qRT pCR performed on treated cells showed 

expression of hepatic markers such as alb, afp, hnf4α and ttr. The expression levels were 

normalized to cDNA from Hepa 1-6 cells. cDNA from fetal liver day 11.5 was used as a 

second positive control (Fig. 12-15). The selected cells showed a considerable decrease in the 

expression of pluripotency markers compared to the untreated cells (Fig. 16-17). The 

functionality of the treated cells was further confirmed by their ability to produce albumin 

and urea and by the measurement of their cytochrome P450 activity (Fig. 18-20). All analysis 

was done at day 20, which is the last day of our differentiation protocol. 
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5.    Discussion 

 

In our study we have successfully explored the use of different types of pluripotent stem cells 

of the murine origin, such as germline-derived pluripotent stem (gPS) cells, parthenogenetic 

pluripotent stem (pES) cells and induced pluripotent stem (iPS) cells to derive hepatocytes or 

hepatocyte-like cells. Unlike ES cell derivation, where several ethical issues are involved, 

these alternative pluripotent stem cells can be used more conveniently for research purposes 

and potentially for cell therapy to treat patients with liver disorders.  

  

5.1    Alternative Sources of Pluripotent Stem Cells 

 

ES cells have been the focus of research for several years. They have the ability to 

differentiate into various cell types such as cardiomyocytes, neuronal cells and hematopoietic 

cells. However, there exist several ethical issues in this regard since obtaining these cells 

from humans may involve the destruction of embryos. Another drawback is the inability to 

obtain patient-specific ES cells for cell therapy. This calls for the need to explore the 

differentiation capacities of alternative sources of pluripotent stem cells. We therefore focus 

on the use of germline-derived pluripotent stem (gPS) cells, parthenogenetic ES (pES) cells 

and the newly proposed induced pluripotent stem (iPS) cells for obtaining hepatocyte-like 

cells to facilitate the treatment of metabolic liver disorders with cell therapy. 

 

5.1.1    Parthenogenetic Embryonic Stem (pES) Cells 

 

Parthenogenetic ES cells have been successfully produced from the inner cell mass of the 

blastocysts that were derived from parthenogenetically activated oocytes after super-

ovulation [3,18]. These pES cells are shown to be similar to embryonic stem cells and can 

contribute to all organs in the chimeras. They are also able to differentiate into all cell types 

and functional organs in the body. The pluripotent nature of these cells makes them feasible 

for use in therapy in regenerative medicine [86].  

 

We have confirmed the pluripotency of these cells. The cells stained positive for two most 

important markers of pluripotency, Oct4 and Nanog, which was further ascertained by RT-

PCR. Karyotype analysis of these pES cells also showed normal diploidy. Moreover, these 
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cells have previously been successfully differentiated into neuronal lineage [87]. We are the 

first ones to report the use of these cells for differentiation into hepatocyte like cells. These 

differentiated cells show similar differentiation potential and similar levels of hepatic gene 

expression in comparison to ES cells. 

 

Methylation specific PCR performed on the pES cells showed the maternal imprinting of the 

H19 gene and also confirmed its oocyte origin [3]. This may be due to the fact that all the 

genetic material in these cells is of maternal origin and they completely lack paternal 

imprinting, unlike ES cells [24]. However, unique pluripotency characteristics exhibited by 

the  pES cells, make them interesting for future research in stem cell derived cell therapy, 

since recently the derivation of human pES cells has also been reported [88,89]. 

 

5.1.2    Germline-Derived Pluripotent Stem (gPS) Cells  

 

Cells from teratomas or teratocarcinomas can be a source of pluripotent stem cells in adult 

mice or individuals. These cells are usually primed by the derivatives of migratory germ cells 

outside their origin and hence are able to acquire a pluripotent phenotype. It has been 

demonstrated earlier that testes derived cells could be a source of pluripotent stem cells [28]. 

Recent reports have shown the generation of pluripotent stem cells from adult unipotent 

germline stem cells (GSC) and have been termed as germline-derived pluripotent stem (gPS) 

cells. In vitro differentiations, teratoma formation assays, germline contribution in chimeras, 

and germline transmission to the next generation have confirmed the pluripotency of these 

cells [27].  

 

We in our study have tried to differentiate these gPS cells into hepatocyte-like cells, since our 

study focuses on the use of alternative pluripotent stem cells as a source of hepatic cells. We 

have successfully shown that the gPS cells harbor similar differentiation potential as the ES 

cells [3].  

 

Another group has also succesfully reported the differentiation of murine germ line-cell 

derived pluripotent stem cells (GPSCs) into hepatocytes. They have also been able to show  

the functionality of these cells [90], which further confirms our data that these gPS cells  
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could be a potential source of cells for hepatic cell therapy. However, the culture of human 

gPS cells still needs to be standardised in order to be used for obtaining patient specific 

material [26,34].  

 

5.1.3 Induced Pluripotent Stem (iPS) Cells 

 

Pluripotency can be induced in mouse embryonic or adult fibroblast cultures by introducing 

exogenous reprogramming factors such as, Oct4, Sox2, Klf4 and c-Myc, and further 

cultivation under ES cell culture conditions, as first reported by Yamanaka and co-workers in 

2006. These iPS cells show morphology and growth properties of ES cells and also express 

ES cell marker genes. Moreover, they are also able to differentiate into all three germ layers 

[91]. Induced pluripotent stem cells have also been successfully generated from different 

sources of human cells such fibroblasts [92] and keratinocytes [93].  

 

We in our research have used iPS cells derived from fibroblasts of various disease mouse 

models representing different hepatic disorders. We have successfully applied the EB based 

hanging drop method to these iPS cells. 

 

The toxic milk iPS cells were derived by gamma retroviral transduction of human OCT4, 

SOX2, KLF4 and C-MYC of the fetal fibroblasts of toxic milk mouse model (which 

represents the human Wilson Disease - a copper storage disorder). We differentiated these 

cells using the hanging drop method. Upon transduction with a previously described [84]. 

Albumin promoter/enhancer driven eGFP vector, polygonal eGFP-expressing hepatocyte-like 

cells were observed [94].   

 

RT-PCR analysis revealed the presence of hepatic markers such as albumin, afp and ck18. 

When these differentiated cells were subjected to a copper sulfate challenge, they were not 

protected, confirming the absence of the ATP7B gene in these cells, which causes this defect 

[66].  

 

We have also successfully differentiated the iPS cells obtained from embryonic fibroblasts of 

the Fah-/- mouse model, representing the human tyrosinemia type 1 liver disorder. When 

transduced with the lentiviral eGFP reporter construct coupled to the Albumin  
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enhancer/promoter region, eGFP positive hepatocyte-like cells could be observed. Viability 

of differentiating cells was supported by the addition of NTBC, as result of which higher 

number of albumin positive cells could be seen [66].  

 

As a third model of hepatic disorder, we used iPS cells generated from the fibroblasts of the 

PiZ mouse model of hepatic disorder which recapitulates the liver disorder of severe Alpha 1 

Anti Trypsin (A1AT) deficiency in humans. These iPS cells were obtained by lentiviral 

transduction of ear fibroblasts from the PiZ mouse. They could be successfully differentiated 

into hepatocyte-like cells using the hanging drop method [3,66,95]. The hepatic phenotype of 

these cells was confirmed by the observation of eGFP expressing cells after transduction with 

the Albumin-eGFP lentiviral vector construct. Albumin and human A1AT expression of 

differentiated cells was ascertained by qRT-PCR using Taqman based assay system. To 

determine the functionality of the cells, Cytochrome P450 activity, Albumin production and 

Urea production was also measured. 

 

We have therefore successfully achieved the hepatic differentiation of iPS cells derived from 

different classical mouse models representing various metabolic liver disorders.  

 

These disease specific hepatic cells express the pathophysiological condition of the disease 

phenotype of the clinical condition. The hepatic differentiation potential of these cells was 

similar to that of ES cells. These iPS-derived hepatic cells may therefore be useful in the 

study of drug screening and gene correction of these mutant disorders. Moreover, the use of 

iPS cells in cell therapy can also overcome constraints around the use of ES cells 

 

A recent publication shows the derivation of iPS cells from fibroblasts of patients with liver 

specific disorders such as tyrosenemia type 1, glycogen storage disorder, familial hereditary 

choleostasis and Criggler-Nijjar Syndrome [96]. Another recent report also discusses the 

generation of patient specific iPS cells from patients with alpha-1-antitrypsin disorder, 

familial hypercholesterolemia and glycogen storage type 1a disorder.  However, though the 

functionality of these cells was confirmed, the authors have not determined the engraftment 

and repopulation ability of these cells [97]. We therefore provide evidence for the feasibility 

of in vitro modeling of the respective disease [66]. 
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5.2    Differentiation of Pluripotent Stem Cells 

 

Several methods have been discussed in the past in order to obtain efficient differentiation of 

ES cells into several different cell types. These include formation of Embryoid Bodies (EBs), 

and culture of ES cells on monolayers as well as on extracellular matrices, and direct culture 

of ES cells on stromal cell layers to support growth [51]. We have successfully applied the 

first two protocols to our alternative sources of pluripotent stem cells. 

 

5.2.1    Hanging Drop Method of Embryoid Body Formation 

 

Among the most commonly used methods is the Embryoid Body based method, which 

involves the formation of hanging drops. As reported previously [95], we have successfully 

been able to reproduce the hanging drop protocol with gPS and pES cells and have also been 

successfully able to differentiate the iPS cells along the hepatic lineage using this classic 

model of spontaneous differentiation [3]. This protocol implies a three step differentiation 

process (Fig. 21).  

 

In the first step of the protocol, the cells were allowed to form EBs, in hanging drops. The EB 

aggregates were formed at the bottom of the drop. These drops were made from a cell-

suspension in ES cell medium without the addition of Leukemia Inhibitory Factor (LIF), to 

facilitate spontaneous differentiation into the three germ layers, the mesoderm, the ectoderm 

and the endoderm. The EBs are also believed to be composed of an outer layer which 

represents the primitive endoderm as well as an inner layer which resembles the primitive 

ectoderm. At later stages these EBs may consist of primitive forms of various different cell 

lineages such as hematopoietic, cardiac, neuronal and insulin producing cells and the cell 

lineage commitment in EBs is similar to the normal embryo development [98,99]. 

 

In our study we have successfully applied the EB based protocol to all our pluripotent stem 

cell lines. We have successfully analyzed the gene expression of gPS and pES cells at day 5 

of the EB stage. In both our cell lines the gene expression was similar at the early stage. As a 

control cell line we used the OG2 ES mouse cell line. The gene expression in all three cell 

lines was comparable at this early stage. Endodermal markers such as alphafetoprotein (afp), 

ATP-binding cassette-2 (abcc2) and hepatocyte nuclear factor 4 alpha (hnf4α) were 

expressed at similar levels in all three cell lines. The expression of these markers was almost 
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100 fold lower compared to the control cell line Hepa 1-6. Cytokeratin 18 (ck18), which is an 

early hepatic marker, was expressed at levels slightly lower than the Hepa 1-6 cells. 

However, the expression of sox (Sry (sex determining region Y)-related HMG box) 17, gene 

was approximately 10,000 fold lower in the pES cells and almost 100,000 fold lower in the 

gPS cells compared to the Hepa 1-6 cells. One reason for this could be that since sox17 is a 

marker for definitive endoderm, it is expressed in comparatively low levels in early 

endoderm. Discrepancies in definitive endodermal gene expression in different cell lines may 

be due to differences in the starting population of the cells, with respect to the state of 

pluripotency and also the size of the EBs. The expression of cebp/α (CCAAT/ enhancer-

binding protein was higher in the gPS and the pES cells compared to the Hepa 1-6 cell line. 

This gene regulates the transcription of hepatocyte specific genes. 

 

The next step in this protocol is the plating of these embryoid body aggregates on to gelatin-

coated dishes in IMDM. 25 EBs were plated on each 6 cm gelatin coated petri dish. The 

gelatin helps in the attachment of the EBs, and, therefore provides a selective advantage for 

the endodermal progenitors [3,95]. The growth and proliferation of these progenitors is 

further supported by appropriate endodermal medium components. IMDM is highly suitable 

for rapidly growing, high-density cell cultures. The medium was further supplemented with 

anti-oxidant β-mercaptoethanol and Non-Essential Amino Acids (NEAA) to enhance 

proliferation of early endodermal progenitors. 

  

We analyzed the pES and gPS cells at this intermediate stage of differentiation. In our study 

we observed an increase in the expression level of afp, which is an important marker for fetal 

hepatocytes. The embryo yolk sac and fetal liver produce this particular protein. The level of 

afp usually decreases up to thousand fold after birth and is nearly absent in adult liver. 

Reactivation of afp expression in adults occurs only during liver regeneration and 

hepatocellular carcinoma [100]. Moreover, we observed a further increase in expression of 

hnf4α, sox17, ck18 and abcc2, which are markers of the definitive endoderm. Cebp/α levels 

were slightly decreased.  

 

At the final stage of this protocol, the cell lines were trypsinized and further plated on to 

collagen coated dishes. Collagen is known to be a natural matrix for hepatocytes in vivo. The 

differentiating cells were further cultured in Hepatocyte Culture Medium (Hepatocyte Basal 

Medium with supplements) for further maturation and proliferation for 22 days. This was 
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continued for a period of 22 days. This facilitates in obtaining a population of cells 

expressing a hepatic progenitor or hepatocyte like phenotype [95]. 

  

When analyzed at this final stage of differentiation, the gPS and pES cells were successfully 

able to express elevated levels of albumin, which is considered to be a mature hepatic marker. 

Afp levels were lowered indicating a more mature phenotype. Levels of early hepatic 

markers such as cebp/α and ck18 were also increased compared to previous stages. Markers 

such as sox17 and abcc2 showed a decrease in expression levels indicating a shift from an 

endodermal population to a mature hepatic population of cells.  

 

The disease specific iPS cells were also subjected to this hanging drop method of 

differentiation. In the case of Tx milk iPS and PiZ iPS cells, the hepatic gene expression was 

lower as compared to control cell line after differentiation The only exception was the 

expression of Transthyretin (ttr), which was higher expressed as compared to the Hepa1-6 

control [66].  

 

In the   Fah-/- iPS cells, however, the expression of afp and ck18 was only slightly lower than 

that of Hepa 1-6 cell line. Hnf4α and abcc2 were expressed at a 1000 fold lower level than 

Hepa1-6 control.  Albumin was expressed at similar levels whereas Transthyretin (ttr) was 

expressed at higher levels than the Hepa 1-6 control [66].  

 

The discrepancies in hepatic gene expression in the different iPS cell lines called for 

development of a better differentiation protocol, which would be more reproducible. Also the 

use of hanging drop method of hepatic differentiation generated populations other than that of 

the endoderm. At the end of differentiation several beating cells, indicating a mesodermal 

population were observed. Another observation was the continued existence of some 

pluripotent cell-like clusters at the end of the differentiation. This indicated that the protocol 

was unable to completely and selective drive the differentiation of all the pluripotent cells 

and was inefficient. Based on these observations we developed a new and more efficient 

differentiation protocol, which mimicked the in vivo embryonic liver development with the 

help of cytokines.  
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Fig. 21:  Schematic Representation of the Hanging Drop Method of Embryoid Body formation 

 

5.2.2    Cytokine-Based Protocol Using Monolayer of Cells 

 

Drawbacks of the EB-based Hanging Drop method led us to the development of a new 

protocol using a monolayer of differentiating cells. The EB based method often recapitulates 

the embryonic development in vivo. It mimics the formation of all three germ layers from the 

inner cell mass (ICM).  However, the main limitation in the use of this method is that it is 

much less organized than the actual embryo [101]. As discussed earlier, this protocol also 

fails to generate a pure and homogeneous population of hepatocyte like cells. Another major 

drawback of this protocol is the limitation in the starting population of the cells with regard to 

low cell numbers, which further makes this protocol incapable for scale-up. Hence, this 

protocol may be incapable for generating sufficient number of transplantable cells for cell 

therapy in patients. 
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It has been previously reported that endodermal differentiation of ES cells can be achieved by 

using chemically defined conditions in the EB-based method [52]. However, we were unable 

to obtain an endodermal population as described, with the help of this EB-based protocol. We 

therefore tried to explore the use of monolayer cell cultures and a chemically defined medium 

under serum free conditions to obtain a hepatocyte like population [3]. A major advantage of 

the monolayer system over the EB-based protocol is that each cell cluster gets equal access to 

the culture conditions and the cytokines, unlike the EB-based system, where easier access to 

the culture conditions is available only to the cells of the outer layer of the EB. This provides 

an equal opportunity for priming and differentiation towards the desired phenotype and 

facilitates in generating a more homogenous population of cells. 

 

It is well known that during the embryonic development, there exists a close relationship 

between the induction of the mesoderm and the endoderm, and both are derived from the 

same progenitor. The most important role in this regard is played by members of the TGFβ 

family, which act in the early stages of this developmental process [61,102-106]. In mouse 

embryonic development, Activin/Nodal signal through the same receptors and regulate the 

early developmental processes by inducing the formation of the mesoderm and the endoderm 

[61,106,107].  

 

In our study we initially focused on the differentiation of gPS cells with the help of this 

protocol, for standardization purpose and for proof of principle. OG2 ES cell line was used as 

a control.  

 

The gPS and OG2 ES cells were plated as a monolayer on gelatin-coated dishes in ES cell 

medium without LIF to facilitate attachment and differentiation. After overnight plating 

under the medium was changed to serum free differentiation (SFD) medium with N2 and B27 

supplements to facilitate proliferation [3,52]. Activin A at the concentration of 50ng/ml was 

added at day 0 to facilitate priming of the pluripotent stem cells towards the endodermal 

progenitors. Quantitative reverse transcriptase (qRT) PCR analysis shows stable expression 

of endodermal marker sox17 at day2 (2 days of Activin A treatment). There was also a slight 

increase in the expression of cebp/α and ck18 indicating the emergence of an 

endodermal/hepatic lineage.  
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As reported earlier, Activin A signals the endodermal induction and establishment of the 

primitive streak during embryonic development whereas; BMP4 and bFGF signal the cardiac 

mesoderm and septum transversum to induce the hepatic specification [52,108-113]. 

Considering this, we treated the differentiating cells with BMP4 (50ng/ml) and bFGF 

(10ng/ml) along with Activin A (50ng/ml) for the next 7 days. However, we were unable to 

obtain an increase in the hepatic markers after day 3 of differentiation. Addition of Activin A 

at higher concentrations or addition of bFGF and BMP4 within the first two days was unable 

to result in a better induction of definitive endoderm phenotype (data not shown). 

 

A unique ability of hepatocytes is their ability to secrete serum albumin. To check the 

functionality of hepatic cells at day 9, an Albumin ELISA was performed. It showed just a 

slight increase in albumin secretion at day 9 compared to the earlier time points. The 

measured Albumin concentration was almost 15 times lower than the Hepa 1-6 positive 

control. This called for a need to check for the hepatic marker expression at later time points. 

For this purpose the cells were then cultured in Hepatocyte Culture Medium supplemented 

with hHGF and OSM to attain hepatocyte proliferation and maturation [114,115] . 

 

At day 24 the cells in HCM were transduced with a lentiviral vector, which has the Albumin 

promoter/enhancer sequence coupled to GFP. At day 27, green hepatocyte-like cells were 

detectable in the fluorescent microscope. However, the number of these albumin-producing 

cells was low and still some pluripotent cell-like clusters were present at the end of 

differentiation. These pluripotent cell-like clusters harbor the possibility of tumor formation 

upon transplantation, and it was therefore important to eliminate them [116]. Also it was 

necessary to enhance the number of hepatocyte-like cells and to obtain higher levels of 

hepatic marker expression. For these reasons we decided that, a further refinement of the 

protocol was needed. 

 

5.2.3    Improved Cytokine-Based Protocol Using Monolayer of Cells 

 

This protocol is a slight modification of our previously published protocol, with some 

refinements.  Briefly, we plated a fixed number of cells on gelatin-coated dishes. In a 

modification of our previous protocol we stopped the Activin A treatment after 2 days, since 

continued Activin A treatment did not improve hepatic marker expression (data not shown), 

and two days of Activin treatment was enough for induction of early endoderm. Another 
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modification was that the BMP4 and bFGF treatment was given for 4 days to further obtain a 

more definitive endodermal phenotype of the differentiating cells [114,117]. After 6 days of 

treatment under serum free conditions, the cells were split using diluted trypsin EDTA to 

reduce cell stress, plated on to collagen. Other matrices such as primaria, gelatin and matrigel 

were tested; however, highest expression of hepatic markers was obtained when cells were 

cultured on collagen (data not shown). To facilitate better attachment, cells were plated over 

night on serum free differentiation (SFD) medium. On day 7, the medium was further 

changed to HCM supplemented with hHGF, to facilitate hepatocyte proliferation [114,115]. 

After three days the medium was supplemented with OSM in order to obtain hepatocyte 

maturation [114]. On day 20 the cells showed expression of hepatic makers such as albumin, 

afp and hnf4α. We have also been able to detect the expression of transthyretin (ttr). This 

protein is expressed abundantly in the liver.  At the end of differentiation, the pES and gPS 

cells showed expression of hepatic markers such alb, afp, hnf4α and ttr at levels comparable 

to differentiated OG2 ES cells.  

 

An important concern in differentiating pluripotent cells still remains the purity and 

homogeneity of the final hepatic cell population. It has been reported earlier that FACS 

depletion of pluripotent cells from the differentiated population is not efficient. After 

intrasplenic transplantation of differentiated cells, teratomas were formed after 3-6 weeks, 

though engraftment was observed [116]. To overcome this problem we have developed and a 

lentiviral vector cassette with the Albumin enhancer/promoter coupled to Neomycin 

resistance gene and a dTomato fluorescence reporter. Upon transduction of differentiating 

cells, only the cells, which produced albumin, were resistant to the G418 antibiotic. We have 

do not see any expression of the pluripotency markers in the treated cells. However, these 

markers were still present in the untreated cells. Though we were unable to obtain enrichment 

or increase in hepatic marker expression as compared to our previously published protocol, 

loss of pluripotency was a major achievement in this regard, which could reduce the risk of 

teratoma formation after transplantation. Moreover, we have confirmed the functionality of 

our differentiated cells by measuring Albumin secretion in supernatant by ELISA, urea 

production and cytochrome P450 activity. 

 

Recent reports have discussed the directed differentiation of mouse fibroblasts into 

hepatocytes using retroviral vectors expressing hepatic transcription factors. These cells were 

referred to as induced hepatocytes or iHeps [118,119]. However, the safety of these cells in 
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future clinical application still remains questionable since these cell fate modifications have 

been obtained by using viral vectors. Moreover, the reproducibility of this method needs to 

be established in other labs. The authors were however, able to show the engraftment and 

proliferative capacity of the iHeps by transplantation into the Fah-/- mouse model. 

 

We have successfully shown in our study, with the help of the hanging drop method, that the 

different sources of pluripotent stem cells such as the pES, gPS and iPS cells harbor similar 

hepatic differentiation potential. We established a cytokine-based method for obtaining a 

more homogenous population of hepatocytes. With the help of the Albumin-dTomato-

Neomycin lentiviral construct and an antibiotic selection strategy, we were able to obtain a 

pure population of hepatocyte like cells with complete elimination of any undifferentiated 

pluripotent stem cells clusters. We plan to test these cells in vivo in a suitable murine model 

representing a metabolic liver disorder in the near future, to check for engraftment and 

proliferation. Our study therefore, provides valuable insights into the field of liver 

regeneration.
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