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2. Abstract 

Both human and mouse somatic cells were reported to be reprogrammed to pluripotent stem 

cells (iPS cells) upon viral transduction with a defined set of transcription factors including 

OCT4, SOX2, KLF4, c-MYC, Nanog and LIN28 in different combinations. Reprogramming 

of somatic cells to pluripotency enables the derivation of patient-specific pluripotent cells that 

have great potential for regenerative therapies, studying (embryonic) development and the 

differentiation process towards different cell lineages. Also, cell lines can be generated to 

model genetic diseases and derivatives of these could be used in drug screens and toxicology 

testing. The use of iPS cells for modeling the development of genetic disorders and their use 

for transplantation therapies after modifying genetic defects have been successfully shown in 

several reports such as in sickle cell anemia, diabetes and Parkinson’s disease. In contrast to 

previous reprogramming methods, the derivation of iPS cells circumvents the use of oocytes 

or embryonic material. However, the use of oncogenes and integrating viruses for generating 

iPS cells should be avoided since this increases the risk of tumor formation. The recent 

findings that mouse and human iPS cells can be derived with non intregrating vectors and the 

removal of exogenous reprogramming factors after reprogramming increases the possibility of 

the future use of iPS cells for clinical applications. 
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3. Introduction 
 
Embryonic stem cells are derived from blastocyst embryos and can differentiate into all three 

embryonic germ layers. Many years ago, it was already demonstrated that differentiated cells 

can be reprogrammed into a less differentiated or pluripotent state called nuclear 

reprogramming. Several methods have been described to derive patient-specific pluripotent 

cells such as nuclear cloning by somatic cell nuclear transfer and cell fusion. These 

reprogramming methods can offer important insights in molecular mechanisms of normal 

development and disease and might lead to the derivation of patient-specific pluripotent cells 

useful for transplantation therapies. However, the success of deriving pluripotent cells from 

somatic cell types was limited until the discovery of the derivation of induced pluripotent 

stem cells two years ago. Induced pluripotent stem cells (iPS cells) were obtained by 

transduction of fibroblasts with a defined set of transcription factors. These iPS cells were 

shown to be very similar to embryonic stem cells therefore having great potential for the use 

in regenerative medicine and use for modeling genetic diseases. 

This thesis will provide an overview of the techniques used to reprogram somatic cells and the 

derivation of iPS cells. The reprogramming mechanisms underlying the induction of 

pluripotency by transcription factors and the use of iPS cells for clinical applications will be 

discussed in detail. 

 

4. Mammalian pluripotent cells 
 

4.1 Embryonic carcinoma cells (EC) 
In 1964, Kleinsmith and Pierce discovered that EC cells have the ability to self-renew 

indefinitely and can differentiate into multiple lineages (Kleinsmith and Pierce 1964). These 

EC cells were isolated from teratocarcinomas, germ cell tumors that include differentiated 

cells from all three germ layers as well as undifferentiated cells. With these findings, 

scientists were introduced to the concept of self-renewing pluripotent stem cells. Mouse EC 

cells were shown to express proteins and antigens similar to cells from the inner cell mass of a 

blastocyst. Upon introduction of these cells in the developing embryo, some EC cells were 

able to contribute to the development of various somatic cell types (Brinster 1974). When 

human EC cells were derived, they were shown to express different surface markers than 
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mouse EC cells. Also, human EC cells, in contrast to mouse EC cells, are highly aneuploid 

which is probably the underlying cause for their limited differentiation potential (Hogan, 

Fellous et al. 1977). However, the therapeutic potential of human EC cells and their value as a 

model for mammalian development was questioned since they are derived from malignant 

tumors and displayed karyotypic abnormalities. 

 

4.2 Mouse Embryonic stem cells (mESCs) 
The derivation of teratomas by injecting blastocyst embryos into adult mice demonstrate that 

the embryo itself contained cells that could give rise to pluripotent cells (Solter and Knowles 

1978). The first mouse ES cells were derived in 1981 from the inner cell mass of blastocysts 

using culture conditions previously used for mouse EC culture (Evans and Kaufman 1981; 

Martin 1981). Mouse ES cells can differentiate into a wide variety of cell types in vitro and in 

vivo and contribute to most tissues in chimeras including germ cells (Martin 1981; Bradley, 

Evans et al. 1984). This is very useful for the introduction of gene knock-outs and other 

precise genomic modifications into the mouse germ line by homologous recombination to 

study the function of specific genes (Babinet and Cohen-Tannoudji 2001).  Initially it was 

found that mouse EC and ES cells grew better by co-culturing them with fibroblasts that also 

supported their pluripotent state, probably by providing nutrients and growth factors (Evans 

and Kaufman 1981). Later, feeder-conditioned medium was found to be sufficient for mES 

cell culture and the cytokine leukemia inhibitory factor (LIF) was identified being responsible 

for promoting mES cells self-renewal (Smith, Heath et al. 1988; Williams, Hilton et al. 1988). 

In serum free medium, mESC are sustained in the presence of LIF together with BMP (Ying, 

Nichols et al. 2003). In the absence of LIF, ES cells start differentiating and form typical 

aggregates of different cell types called embryoid bodies. 

 

4.3 Embryonic germ cells (EG cells) 
Even though the knowledge that teratocarcimas are derived from primordial germ cells (PGC) 

dated from 1962, it was only in 1992 when the first embryonic germ cells were derived from 

primordial germ cells in vitro (Matsui, Zsebo et al. 1992). Mouse EG cells are 

morphologically very similar to mES cells and express typical ES cell surface markers. Also 

they can contribute to tissues in chimeric mice including germ cells (Labosky, Barlow et al. 

1994). In contrast to ES cells, EG cells still have some characteristics of the original PGCs 
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such as genome wide demethylation and absence of genomic imprinting (Labosky, Barlow et 

al. 1994; Tada, Tada et al. 1997).  

In 1998, human EG cells were derived, but their long-term proliferation potential is limited 

(Shamblott, Axelman et al. 1998). Differentiation into several lineages was shown in early 

passage EG cells, but has to be confirmed in stable lines and the formation of teratomas. 

Human EG cells differ from human ES cells, for example they express the surface marker 

SSEA1, which is absent in human ES cells but present in early germ cells and mES cells. In 

contrast, EC cells that are also derived from germ cells, do share the cell surface markers of 

human ES cells. These differences suggest that a developmental step transforming human EG 

cells into proliferating cells comparable to ES or EC cells is missing (Yu and Thomson 2008). 

Since this is not the case in mouse cells, differences among species appear to exist. 

 

4.5 Human Embryonic stem cells (hESCs) 
Due to ES cell differences between different species and problems finding optimal culture 

conditions, human ES cells were derived only in 1998, 17 years after the derivation of mES 

cells (Thomson, Itskovitz-Eldor et al. 1998). Fibroblast feeders and serum containing medium 

were used for the derivation of human ES cells, whereas LIF and BMP that support self-

renewal in mES cells cause differentiation in human ES cells. In contrast to mES cells, bFGF, 

TGF-β and activin are important for the self-renewal of human ES cells. The function of 

bFGF is largely unknown but includes the upregulation of the expression of TGF-β ligands to 

promote hES cell self-renewal and the suppression of BMP signaling, that induces hES cell 

differentiation (Xu, Chen et al. 2002; Greber, Lehrach et al. 2007). Basic FGF can make hES 

cells grow clonally on fibroblasts in commercial serum replacement medium (Amit, Carpenter 

et al. 2000). It has been reported that activin induces bFGF that subsequently induces TGF-β 

and a BMP antagonist and inhibits BMP4 in both fibroblast feeders and in hES cells (Greber, 

Lehrach et al. 2007). Whether TGFβ/activin signaling is also directly responsible for the 

inhibition of the BMP pathway is unknown. Other growth factors have also been shown to 

affect hES cell growth so more pathways have to be identified. 

Like mES cells, human ES cells are derived from the inner cell mass of a blastocyst and are 

karyotypically normal. Human ES cells can develop into all three germ layers even after 

clonal derivation (Amit, Carpenter et al. 2000). However, for ethical reasons, it cannot be 

verified that these cells are truly pluripotent hES cells and are capable of contributing to all 

cells including the germline since this would require generating a chimeric human. 
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5. Reprogramming 
 
Embryonic stem cells are excellent tools to study (embryonic) development and the 

differentiation process towards different cell lineages. Also, cell lines can be generated to 

model genetic diseases and derivatives of these could be used in drug screens and toxicology 

testing. Furthermore, ESCs may be used in cell replacement therapies in the future to treat 

several diseases such as Parkinson’s disease and diabetes (figure 1). However, ethical 

discussions about the use of human embryos limit further research and rejection of the tissue 

in the recipient is an important issue. These problems could be avoided when pluripotent cells 

could be derived directly from the patient’s own cells. Several years ago three different 

methods were developed to reprogram somatic cells to pluripotent cells by somatic cell 

nuclear transfer, cell fusion and induction of pluripotency by cell culture. However, none of 

these methods were shown to be very efficient in the derivation of pluripotent cells and the 

safety of the use of these cells for transplantation therapies is questioned. Also, ethical 

controversies exist that limit research possibilities stimulating scientist to find alternative 

methods for the derivation of pluripotent stem cells. Recently, it was shown that pluripotent 

stem cells could be derived from somatic cell by the activation of embryonic transcription 

factors. This method might be very important for studying genetic disorders, drug and 

toxicology screening and transplantation therapies with patient specific cells. 

The following paragraphs will give an overview of the different reprogramming methods that 

exist including natural reprogramming after fertilization. 

 
Fig 1: Schematic overview of the reprogramming of somatic cells for cell replacement therapy 
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5.1 Natural reprogramming after fertilization 
Differentiation of cells is found to be highly stable. The only stage during which normal 

mammalian cells seem to dedifferentiate naturally is after fertilization. The sperm and oocyte, 

both highly differentiated cells, give rise to a totipotent embryo within a relatively short 

period. During fertilization, the sperm and oocyte fuse to produce a zygote. After the fusion, 

the protamines, which are responsible for organizing the sperm DNA into a compact structure, 

are rapidly replaced by histones from the oocyte cytoplasm (McLay and Clarke 2003). In the 

first few hours after fusion, the paternal DNA demethylation is completed before DNA 

replication begins in the paternal pronucleus whereas the maternal genome remains 

methylated (Mayer, Niveleau et al. 2000; Beaujean, Taylor et al. 2004; Fulka, Mrazek et al. 

2004). The mechanisms underlying paternal genome demethylation remain largely unknown. 

It is likely that the oocyte cytoplasm contains demethylation factors that target or exclude 

specific sites in the sperm chromatin. Imprinted genes are genes of which either the maternal 

or the paternal allele is expressed dependent on the parental origin while the other allele is 

silenced by DNA methylation or histone modifactions. This is necessary for proper embryonic 

development. The paternal as well as the maternal methylated imprinted control regions are 

protected from the initial demethylation after fertilization as well as the heterochromatin 

around the centromeres, which is essential for normal chromosome stability (Santos and Dean 

2004).  

The respective histone modifications differ between the maternal and the paternal genomes in 

the 1-cell zygote. At the time of fertilization, the maternal chromatin already contains 

abundant DNA methylation and chromatin modifications with active and repressive 

configurations (Santos and Dean 2004). During subsequent cleavages, the female nucleus 

becomes passively demethylated probably due to the removal of an enzyme called DNMT1, 

which is responsible for maintaining methylation after replication (Howell, Bestor et al. 

2001). Although gradually reducing, passive replication dependent DNA demethylation 

continues up to the blastocyst stage.  Differences in the rate of passive demethylation are 

found in different species. In mice, the lowest level of DNA methylation is observed in the 

morula stage right before the first differentiation step occurs in the blastocyst (Dean, Santos et 

al. 2001). 

At the blastocyst stage, two different lineages appear: the inner cell mass (ICM) that gives 

rise to the embryo itself and the trophectoderm (TE) that gives rise to extraembryonic tissues. 

In mice, the cells of the ICM become gradually more methylated than the TE cells, but this 
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pattern varies among different species (Dean, Santos et al. 2001). In contrast, it was reported 

that the TE in human blastocyst becomes more remethylated whereas the level of methylation 

in ICM cells is maintained (Yang, Smith et al. 2007). The reason for this distinct pattern is 

unclear.    

 

5.2 Artificial reprogramming 
When a fertilized egg develops into an adult organism, the cells become more committed to 

their fate by differentiation, a process that is normally irreversible. However, certain 

experimental procedures enable artificial reprogramming of differentiated somatic cells to a 

gene expression pattern of an embryonic cell. This process of artificial reprogramming could 

help to understand how reprogramming works and how the differentiated gene expression 

pattern is maintained in somatic cells. Furthermore, a step forward can be made in cell-

replacement therapies by differentiating healthy reprogrammed cells into a specific cell types 

for the replacement of defective cells in a patient. An immune reaction could be avoided by 

using the patient’s own reprogrammed cells for replacement. Also, nuclear reprogramming 

enables the culture of lines of cells from diseased tissues thereby creating the possibility to 

analyze mechanisms of disease and to screen for therapeutic drugs. 

The different methods to induce pluripotency by reprogramming of somatic cells are 

described in the following paragraphs (figure 2).  

 

5.3 Somatic cell nuclear transfer (SCNT) 
During SCNT the nucleus of a somatic cell is transplanted either into an enucleated zygote or 

an oocyte. This leads to the reprogramming of the somatic nucleus after which a blastocyst is 

formed with the DNA representing a clone of the original organism.  

The first report of SCNT dates from 1952 in which nuclei from embryonic cells were 

transplanted into enucleated frog eggs resulting in the derivation of living tadpoles  

(reproductive cloning) (Briggs and King 1952). However, nuclei from more differentiated 

cells resulted in abnormal development. Later transplantation of nuclei from differentiated 

cells from tadpoles into enucleated Xenopus leavis eggs gave rise to healthy and fertile male 

and female frogs (Gurdon and Uehlinger 1966). These results led to the conclusion that 

differentiated cells did not undergo irreversible nuclear changes since they could be 

reprogrammed to an embryonic state capable of development to a new organism.  
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A major breakthrough came in 1996 when Wilmut et al. cloned the first sheep ‘Dolly’ by 

transplanting the nucleus from mammary gland cell into an enucleated sheep egg (Wilmut, 

Schnieke et al. 1997). This was followed by successful cloning of other mammalian species, 

such as cow, mouse, goat, cat and pig (Gurdon, Byrne et al. 2003). ES cells specific for each 

species can be derived from the blastocysts grown from enucleated oocytes in which somatic 

cells were transplanted with the same efficiency as from normal embryos. The use of SCNT 

for the derivation of ES cells is called therapeutic cloning. The use of these ES cells might 

avoid an immune reaction when these cells are used for transplantation therapies in patients 

from the donor nucleus. The derivation of monkey ES cells derived from the nuclei of adult 

monkey cells is an important indication for the possibility to reprogram human cell by SCNT 

(Byrne, Pedersen et al. 2007).  

The 30-50% efficiency of deriving mammalian blastocyst embryos by SCNT is comparable to 

the efficiency of embryos produced by in vitro fertilization (IVF) in bovine species and pigs 

(Yang, Smith et al. 2007). However, only 1-5% of the cloned blastocyst are able to develop 

into a viable organism whereas this is 30-40% for IVF blastocysts. Oocytes have the ability to 

efficiently reprogram highly specialized sperm cell nuclei while maintaining the genetics of 

this cell. The reason for the low efficiency of nuclear reprogramming by SCNT may be that 

the nucleus comes from a more differentiated cell type with certain epigenetic modifications 

that restrict its reprogrammability by oocytes. Two major reprogramming events take place 

after SNCT. The first one is the reversal of the somatic donor nucleus to a pluripotent state 

when the epigenetic marks are erased and the second is the initiation of a differentiation 

program when the extra-embryonic structures and later on tissue specific structures start to 

develop.  

Mouse SCNT-ESCs have similar characteristics to normal mESCs (Wakayama, Mizutani et 

al. 2005). They are able to form teratomas including cell types from all three germ layers. The 

efficiency of deriving ESCs from cloned blastocyst is also similar to that of isolating ESCs 

from fertilized embryos. 

The gene expression profile of cloned embryos was observed to be very similar to that of 

naturally fertilized embryos with less then 1% of the genes showing a different expression 

pattern. Also, the cloned embryos were very different from somatic donor cells indicating that 

nuclear reprogramming in the blastocyst after SCNT is relatively normal (Smith, Everts et al. 

2005). However, in these studies the expression profile of the whole blastocyst was 

investigated making it difficult to determine the origin of gene expression (inner cell mass, 

trophectoderm or both). Many normally very stable epigenetic modifications of the somatic 
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donor cells must be reprogrammed within a short period for SCNT to work. These include 

histone methylation essential for imprinting and X-inactivation in female embryos (Dean, 

Santos et al. 2003).  

Abnormalities in epigenetic marks of cloned embryos and adults have been observed. Most 

cloned embryos also show different epigenetic profiles among each other. This could indicate 

that reprogramming is variable and difficult to predict (Dean, Santos et al. 2003; 

Hochedlinger, Rideout et al. 2004). At the blastocyts stage, it was found that the methylation 

pattern in the ICM is relatively normal whereas trophoblast cells were found to be 

hypermethylated (Dean, Santos et al. 2001). An abnormal methylation pattern of (imprinted) 

genes results in deregulation of the expression of these genes. X chromosome inactivation of 

female donor nuclei was shown to be random meaning that the inactive X chromosome had 

been reactivated after which either the maternal or paternal X chromosome was inactivated 

again (Eggan, Akutsu et al. 2000). It seems that relatively normal reprogramming occurs in 

the embryonic lineage of cloned embryos but this seems less efficient in the trophectoderm. 

Many of the abnormalities observed in cloned embryos are based on placental malfunction. 

Imprinted genes and X chromosome inactivation are relatively normal expressed in the cloned 

embryo itself, but is often deregulated in placentas (Xue, Tian et al. 2002). Also, abnormal 

hypermethylation of the trophectoderm is found as early as in the blastocyst stage and SCNT-

ESCs from the inner cell mass have similar properties as normal ESCs. Together, these 

findings indicate that the main problems with SCNT lie in the trophectodermal lineages rather 

than in the inner cell mass.  

The indication that the reprogramming of somatic cells to an undifferentiated state is required, 

meets ethical limitations about the acceptance of creating an embryo prior to the derivation of 

ESCs. Also, the availability of human oocytes might be another issue considering the 

potential of deriving patient specific cells using SCNT. In mice it has been shown that 

transplanting a somatic donor nucleus into zygotes as recipients can derive pluripotent cells. 

In this report by Egli et al. the zygote was arrested in mitosis and its chromosomes were 

removed and replaced by donor mitotic chromosomes (Egli, Rosains et al. 2007). This raises 

the potential that human IVF embryos can be used for the derivation of patient specific 

nuclear transfer ES cells. Another method to avoid the derivation of viable embryos is the use 

of oocytes from different species, which has been reported for several animals. One study also 

claimed the generation of human ES cells using rabbit oocytes but this has not been found 

reproducible to date (Chen, He et al. 2003). Recently, the genomic-wide reprogramming 

ability of human somatic cells by oocytes from several animal species and human sources was 



 12 

compared (Chung, Bishop et al. 2009). It was shown that human oocytes have the capacity to 

efficiently reprogram human somatic cells deriving SCNT embryos with a gene expression 

pattern highly similar to that of IVF embryos. This is in contrast to SCNT embryos derived 

with human somatic cells and oocytes from animals that showed no difference or a 

downregulation of pluripotency associated genes. DNA methylation and demethylation of the 

donor genome probably occurs in a species-specific way and is dependent on the relative 

timing of the zygotic genome activation that starts at different time points in different species 

(Beaujean, Taylor et al. 2004; Chen, Zhang et al. 2006). Furthermore, it is possible that 

mitochondrial genes from the donor oocyte are retained in the reprogrammed cells. The use of 

these cells for patient-specific transplantation might still cause an immune reaction in 

response to minor mitochondrial antigens. However, it was shown that clones tissues are less 

susceptible for rejection than fully allogenic tissues. Still, these data question the ability of 

animal oocytes to properly reprogram human somatic cells and usefulness for studying 

genetic disorders and screening for drugs.  

 
Fig 2: Reprogramming methods of somatic cells (Jaenisch and Young 2008). 1. During SCNT, a somatic nucleus 

is injected into an enucleated oocyte, which can give rise to a clone when transferred to a surrogate mother 

(reproductive cloning) or to patient specific ES cells (therapeutic cloning). 2. The fusion of somatic cells with ES 
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cells leads to the generation of hybrids with a lot of characteristics similar to ES cells. 3. Long term culture of 

somatic cells results in the selection of pluripotent or multipotent immortal cell lines. 4. The transduction of 

somatic cells with defined transcription factors start the reprogramming to an undifferentiated pluripotent state.  

 

5.4 Cell fusion 
In 1976, it was first reported that the fusion of thymocytes with embryonic carcinoma cells 

resulted in the formation of pluripotent cells (Miller and Ruddle 1976). Later this was also 

shown with mouse and human ES cells (Tada, Takahama et al. 2001; Cowan, Atienza et al. 

2005). Using cell fusion, pluripotent cells can be derived by fusing a somatic cell with an 

embryonic carcinoma cell, an embryonic germ cell or an embryonic stem cell. In these 

heterokaryotic cells the nuclei are separate and in a few cases the cell undergoes mitosis 

thereby fusing the chromosomes form both nuclei in one resulting in a tetraploid hybrid 

daughter cell (Ekker, Ye et al. 1999). The dominant cell, usually the larger more active and 

more proliferating cell, will project its gene expression on the other cell. Before the gene 

expression pattern of a cell changes, nuclear swelling and chromatin decondensation is 

observed as in SCNT to oocytes. However, little is known about the mechanisms responsible 

for reprogramming by cell fusion. An increase in reprogramming efficiency was observed 

when neural progenitor cells (NPCs) were fused with ES cells overexpressing Nanog (Silva, 

Chambers et al. 2006). Also, the pluripotent embryonic cells contain regulatory proteins able 

to stabilize their own and redirect the gene expression of the somatic cell with a smaller 

supply of regulatory molecules (figure 3) (Gurdon and Melton 2008). Even though somatic 

cells are used for cell fusion, rejection in transplantation therapies due to the ES cell derived 

chromosomes remains an important issue. Removing all the ES cell derived chromosomes 

would be technically challenging and might result is genomic instability, but if the ES cell 

specific chromosomes carrying the major histocompatilibility complex (MHC) loci could be 

deleted, this could reduce the chance of rejection (Matsumura, Tada et al. 2007). The 

tetraploid cells derived by cell fusion are of limited therapeutic use and it is unclear whether 

the ES cell derived chromosomes play a role in the maintenance of the resultant phenotype.  
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Fig 3: Regulatory protein exchange in a normal cell (left) or after fusion of a nucleus with a pluripotent cell 

(right). Yellow represents donor-cell nuclear proteins and blue represents pluripotent cell proteins that induce 

new gene expression to the donor nucleus (Gurdon and Melton 2008).  
 

5.5 Reprogramming by culture 
ES cells can be derived by culture of the inner cell mass of a blastocyst and embryonic germ 

cells can be generated by long term culturing of primordial germ cells (Matsui, Zsebo et al. 

1992). This led to the hypothesis that it might be possible to generate pluripotent stem cells by 

culturing other cell types. In 2002, multipotent cells were derived after prolonged culture of 

bone marrow derived cells. Despite of their difference from ES cells, these multipotent adult 

progenitor cells (MAPCs) could differentiate in several lineages in vitro and one chimera was 

formed after the injection of a MAPC in a blastocyst embryo (Jiang, Jahagirdar et al. 2002). 

However, no teratomas could be generated from MAPCs indicating that they are not 

pluripotent. Pluripotent cells were also generated by culturing germline cells from neonate 

and mouse testes with characteristics similar to ES cells and able to contribute to germline 

chimeras (Kanatsu-Shinohara, Inoue et al. 2004; Guan, Nayernia et al. 2006). However, the 

tumorigenicity of differentiated multipotent germline stem cells has been investigated and the 

efficiency is extremely low.  

Reprogramming of germline stem cells derived from testes cannot be applied to females. 

Instead, in parthenogenesis, oocytes can be activated without being fertilized. Because of the 

absence of paternal DNA that is important for the development of extraembryonic tissues, the 

oocyte is not capable of following the natural stages of embryogenesis but it does provide a 

source of pluripotent stem cells (Surani and Barton 1983). Human pluripotent stem cells have 

also been shown to be isolated from parthenogenic embryos (Revazova, Turovets et al. 2007). 

However, this method requires a lot of wasted oocytes and most blastocysts are destroyed 

since only a few cells produce stem cell lines.  
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Together, the transformation of somatic lineages is very rare and may even be due to events 

such as cell fusion. More investigation on pluripotency and transdifferentiation of somatic 

cells is needed. 

 

5.6 Induced pluripotent stem cells 
Previous work had already indicated that individual transcription factors, when overexpressed 

or deleted, could induce cell fate changes in somatic cells. For example, overexpression of the 

transcription factor MyoD induced the conversion of fibroblasts into myogenic cells (Davis, 

Weintraub et al. 1987). Mouse B cells were shown to reprogram into progenitors that can give 

rise to the hematopoietic lineage when Pax5 was removed (Nutt, Heavey et al. 1999). In ESCs, 

the activation of transcription factors can lead to the differentiation into a certain lineage. The 

indication that transcription factor overexpression can induce cell fate changes started 

attempts to reprogram cell types to other lineages including the induction of pluripotency 

from differentiated cells.   

 

5.6.1 Mouse induced pluripotent stem cells 
Several transcription factors and genes are important for maintaining the pluripotency and ES 

cell phenotype in early embryos and ES cells. In 2006, Takahashi et al. selected 24 genes as 

candidates for factors that induce pluripotency in somatic cells base done the hypothesis that 

these factors play a role in the maintenance of ES cell identity (Takahashi and Yamanaka 

2006). A βgal-neomycin cassette was inserted into the mouse Fbx15 gene by homologous 

recombination. Fbx15 was used as a marker for pluripotency. The 24 candidates were all 

together introduced into mouse embryonic fibroblasts (MEFs) from Fbx15βneo/βneo embryos by 

retroviral transduction. This resulted in neomycin resistant colonies with morphology similar 

to ES cells. Critical candidates to induce the pluripotency were determined by excluding 

individual factors from the pool of transduced genes. Ten genes were identified of which the 

individual absence resulted in poor or no colony formation. Transduction with the 

combination of these 10 factors produced more ES cell-like colonies that all 24 genes together 

did. When individual factors were excluded from the 10-pool transduction into MEFs, only a 

few or no colonies were formed when the factors OCT4, SOX2, KLF4 or c-MYC were not 

present. Takahashi et al. showed that these four factors together could produce a similar 

number of colonies to the ones observed with the pool of 10 genes. This demonstrated that 
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induced pluripotent stem cells (iPS cells) could be derived from MEFs by the transduction 

with the transcription factors OCT4, SOX2, c-MYC and KLF4.  

Global gene-expression profiles of ES cells, iPS cells and Fbx15βneo/βneo MEFs revealed that 

iPS cells are closely related to ES cells but not to fibroblasts. Takahashi et al. also showed the 

pluripotency of iPS cells by the differentiation into all three germ layers during teratoma 

formation after a subcutaneous injection of iPS cells into nude mice. Using tail tip fibroblasts 

instead of MEFs from Fbx15βneo/βneo mice led to the same result. However, no chimeric mice 

were obtained.  

 
Table 1: Commonly used functional criteria to assess the developmental potential of cells (Jaenisch and Young 
2008). 
 
However, when endogenous Nanog expression was used for the selection of iPS cells instead 

of Fbx15, chimeric mice could be obtained (Maherali, Sridharan et al. 2007; Okita, Ichisaka et 

al. 2007). Using this selection stategy, iPS cells were generated that have a lot of 

characteristics similar to ES cells including feeder-independent growth while maintaining the 

ES-like morphology in contrast to Fbx15 selected iPS cells (figure 4) (Takahashi and 

Yamanaka 2006). Maherali et al. investigated the epigenetic changes of reprogrammed 

fibroblasts and found that pluripotency genes were demethylated in iPS cells whereas this was 

only partially the case in Fbx-15 selected iPS cells.  

The obtained homogeneous cell lines were derived from a selection of 3 weeks postinfection 

whereas the heterogeneous lines were selected 1 week postinfection suggesting that delayed 

selection strategy increases the chance of a pure population of iPS cells (Maherali, Sridharan 

et al. 2007).  

The detection of global hypomethylation in female iPS cells suggests a similar epigenetic 

state to that of female ES cells. X-inactivation is regulated by two noncoding transcripts Xist 

and its antisense transcript Tsix. Undifferentiated cells have two active X chromosomes that 
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both express Tsix to repress Xist expression. Upon differentiation Xist becomes upregulated 

on one of the X chromosomes followed by this chromosomes inactivation and Tsix expression 

disappears. The Nanog-GFP MEFs were shown to have one Xist RNA-coated inactive X-

chromosome, whereas no Xist could be detected in iPS cells where Tsix was present in high 

levels indicating that the four transcription factors are able to induce X-reactivation and erase 

the chromatin modifications specific for the inactivated chromosome (Maherali, Sridharan et 

al. 2007). Furthermore, it was also reported by Maherali et al. that X-inactivation was random 

in differentiated iPS cells.  

94.4 % genes in Nanog-selected iPS cells had a methylation pattern identical to that op ESC’s, 

whereas only 0.7% had a more MEF-like pattern. This suggests that reprogramming can 

reverse the epigenetic memory of a somatic cell to that of ESCs (Maherali, Sridharan et al. 

2007). However, Okita et al. reported the development of neck tumors in chimeric mice 

derived from the Nanog-iPS cell line that died soon after birth (Okita, Ichisaka et al. 2007). In 

these tumors the retroviral expression of c-MYC is reactivated whereas the expression of the 

transgenes remained low in normal tissues.  

 

5.6.2 Human induced pluripotent stem cells  
In 2007, Takahashi et al. managed to produce human iPS cells from human dermal fibroblasts 

(HDF) (Takahashi, Tanabe et al. 2007). The HDFs were transduced with retroviruses 

containing human OCT4, SOX2, KLF4 and c-MYC. At day 30, hES like colonies were 

disaggregated and expanded on SNL feeder cells resulting in the formation of flat colonies of 

cells with a similar morphology to that of hES cells. A lot of similarities between human iPS 

cells and hES cells were found including the expression of hES markers, ES-cell specific 

promoter activity, telomerase activity and proliferation, in vitro differentiation and teratoma 

formation. However, DNA microarray analyses showed that global gene expression profiles 

are similar but not identical between human iPS and hES cells (Takahashi, Tanabe et al. 

2007).   

Since Yu et al. wanted to avoid the use of the oncogene c-Myc as one of the transcription 

factors to induce pluripotency in somatic cells, they tried to find other combinations of factors 

for reprogramming of human cells (Yu, Vodyanik et al. 2007). Based on the knowledge that 

human ES cells can reprogram myeloid precursors through cell fusion (Yu, Vodyanik et al. 

2006), a list of genes involved in pluripotency was made that had enriched expression in hES 

cells compared to their expression in myeloid precursors. Four genes, OCT4, SOX2, NANOG 
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and LIN28, out of an original set of 14 genes, were identified to be capable of reprogramming 

human cells to iPS cells (Yu, Vodyanik et al. 2007). Removal of either OCT4 or SOX2 from 

this reprogramming set, did not result in the appearance of any ES-like colonies whereas the 

removal of either NANOG or LIN28 were not found to be required for the formation of ES-

like colonies but did improve the efficiency of the reprogramming process. The iPS cells 

generated by transduction of fetal as well as newborn foreskin fibroblasts with this set of 

transcription factors, had normal karyotypes, express telomerase activity, express ES cell 

surface markers and genes that characterize ES cells, had a demythelation pattern similar to 

ES cells and are able to form cells from all three germ layers in teratomas.  

 
Fig 4: Transduction of the four transcription factors Oct4, Sox2, c-myc, and Klf4 into fibroblasts initiates the 
conversion to partially reprogrammed cells that express Fbx15 or to fully reprogrammed iPS cells that express 
Oct4 or Nanog. The process involves a sequence of epigenetic events(Jaenisch and Young 2008). 
 

Human keratinocytes can also be reprogrammed by retroviral transduction with the four 

factors SOX2, OCT4, KLF-4 and c-MYC to iPS cells (Aasen, Raya et al. 2008).  KiPS cell 

colonies could be identified at 10 days post infection whereas this is 17-21 days for fibroblasts 

indicating a faster reprogramming potency for keratinocytes (Takahashi, Tanabe et al. 2007; 

Aasen, Raya et al. 2008). Also the efficiency in the number of obtained colonies after 

retroviral transduction was shown to be 100 fold higher for reprogrammed keratinocytes. 

Epithelial cells are easier to reprogram than fibroblasts since they do not need to undergo 

mesenchymal to epithelial transition to form iPS cells, which could explain the difference in 

the efficiency of iPS cell generation. Also, the presence of keratinocytes stem cells might 

increase the number of reprogramming targets thereby increasing the efficiency whereas in 

fibroblasts target tissue stem and progenitor cells are much less abundant. Furthermore, stem 

cell-related gene expression analysis showed that keratinocytes are more similar to ESCs and 

KiPS cells than fibroblasts are to ESC’s and KiPS cells, more stem cell markers were found in 

keratinocytes and endogenous KLF4 and c-MYC were higher in keratinocytes than in 
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fibroblasts (Aasen, Raya et al. 2008).  Together, this indicates that the use of keratinocytes for 

the generation of iPS cells is easier and more efficient than the use of fibroblasts.  

 

5.7 Telomeres in iPS cells 
Telomeres are ribonucleoprotein heterochromatic structures at the ends of chromosomes that 

protect them from degradation and recombination activities (Blackburn 2001). Telomerase is 

a reverse transcriptase that regulates telomere lengths by elongating them (Greider and 

Blackburn 1985). An alternative mechanism by which telomere length is influenced is the 

ALT pathway that is based on homologous recombination of telomeric sequences (Dunham, 

Neumann et al. 2000). Also, it was shown that telomeres are elongated by a telomerase-

independent mechanism based on recombination soon after fertilization, but previous to 

blastocyst formation (Liu, Bailey et al. 2007). Telomerase is expressed during embryonic 

development and in the stem cell compartments of several tissues. However, it was shown 

that the telomerase expressed in adult tissues could not prevent progressive telomere 

shortening with age in human and mice (Flores, Canela et al. 2008). Telomerase deficiency in 

mice and reduced telomerase activity in several diseases accelerates telomere shortening and 

leads to premature aging and a decreased proliferative potential of tissue stem cells suggesting 

an important role of telomerase for tissue homeostasis. The question is whether iPS cells 

derived from patients with limited telomerase activity, such as elderly, are as functional and 

acquire the same characteristic as in ESCs. Contradictory results have been obtained in SCNT 

studies in which the sheep Dolly was shown to have abnormally short telomeres whereas in 

other species no effect on telomere length was observed (Lanza, Cibelli et al. 2000).  

It was demonstrated that iPS cells derived from four transcription factors had a high 

telomerase activity comparable to that of control ESCs (Maherali, Sridharan et al. 2007; 

Takahashi, Tanabe et al. 2007). Telomere length in iPS cells derived from MEFs transduced 

with either OCT4, SOX2. KLF4 and c-MYC or OCT4, SOX2 and KLF4 was reported to be 

significantly increased to intermediate levels at early passages and similar levels to control ES 

cells at later passages (Marion, Strati et al. 2009). It is likely that reprogramming allows the 

elongation of telomeres to a length characteristic of ESCs by making them more accessible 

for telomerase.  A decrease in the density of histone heterochromatin at telomeric regions and 

higher telomere recombination frequencies were observed in iPS cells and ES cells compared 

to differentiated MEFs. Furthermore, somatic cells with short telomeres from old animals also 

showed telomere elongation and functional telomere capping during reprogramming to iPS 
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cells (Marion, Strati et al. 2009). Reprogramming of cells from telomerase-deficient mice led 

to a decrease in iPS cell efficiency that could be restored by the reintroduction of telomerase. 

Together, these findings highlight the importance of telomere biology for iPS cell generation 

and functionality and the use of telomerase as a therapeutic strategy for deriving iPS cells 

from patients suffering from diseases in which short telomeres are involved.  

 

5.8 Transcription factors used for reprogramming to iPS cells 
Different combinations of transcription factor have been described to be able to induce 

pluripotency in somatic cells. Originally four factors were used to generate iPS cells, either 

OCT4, SOX2, KLF-4 and c-MYC or OCT4, SOX2, Nanog and LIN28. The two screens of 

which these transcription factors arised both consisted of genes that have a role in 

pluripotency and were largely overlapping (Yamanaka and Takahashi 2006; Yu, Vodyanik et 

al. 2007). Since this does not represent a competely independent, random investigation for 

potential transcription factors, it is possible that other factors can substitute for OCT4 or 

SOX2. However, it is more likely that other factors might be found that substitute for the 

positive effects of KLF4/c-MYC and Nanog/LIN28.  

The mechanisms by which these transcription factors influence reprogramming to an 

undifferentiated state remain to be investigated, but little is known already. OCT4 is important 

for the derivation as well as the maintenance of ES cells (Pesce, Gross et al. 1998). In human 

and mice, OCT4 expression is limited to early embryos and germ cells (Scholer, Hatzopoulos 

et al. 1989). Overexpression of OCT4 in mES cells causes differentiation towards endodermal 

and mesodermal lineages, whereas decreased expression results in trophoblast formation 

(Niwa, Miyazaki et al. 2000). Therefore, the expression of OCT4 in mES cells must be 

maintained within a specific range.  

SOX2 also plays an important role in ES cell self-renewal and pluripotency. SOX2 is 

necessary for regulating multiple transcription factors that affect OCT4. Knock out of SOX2 

can rescue the pluripotent phenotype by the forced expression of OCT4 indicating that the 

main function of SOX2 is to stabilize ES cells in a pluripotent state by maintaining the OCT4 

expression level (Masui, Nakatake et al. 2007). When SOX2 is expressed outside its critical 

range, this leads to the differentiation of ES cells (Fong, Hohenstein et al. 2008). 

Like OCT4, Nanog expression decreases rapidly as ES cells differentiate. Overexpression in 

mES cells leads to ES cell self-renewal independent of LIF/STAT3 (Chambers, Colby et al. 

2003). Overexpression of Nanog in hES cells induced feeder-independent growth and 
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improves their cloning efficiency (Darr, Mayshar et al. 2006). Interestingly, decreased 

expression of Nanog predisposes to differentiation to extra-embryonic lineages, but Nanog is 

not absolutely required for ES cell pluripotency (Chambers, Colby et al. 2003; Chambers, 

Silva et al. 2007). These three transcription factors bind the promoters of several hundred 

target genes (Boyer, Lee et al. 2005). OCT4, SOX2 and Nanog work as transcriptional 

activators of genes that maintain pluripotency including themselves as well as transcriptional 

repressors of genes promoting differentiation. Together, OCT4 and SOX2 are the key 

regulators of pluripotency that interact in negative feedback regulatory circuits and Nanog 

mainly functions as an important modulator of pluripotency (Boyer, Lee et al. 2005). This 

might explain the possibility of reprogramming somatic cells without the use of Nanog as a 

transcription factor.  

The roles of c-MYC, KLF-4 and LIN28 in pluripotency and reprogramming are less clear. C-

MYC belongs to a proto-oncogenic MYC family including L-MYC and N-MYC that has 

been shown to be involved in many cancers when its expression is deregulated (Knoepfler 

2008). MYC might contribute to pluripotency and self-renewal by inducing a cell cycle 

program specific for self-renewal. N-MYC has been shown to be able to substitute C-MYC in 

de derivation of iPS cells (Nakagawa, Koyanagi et al. 2008). In Neuronal stem cells, N-MYC 

controls the expression of cell cycle regulators important for the maintenance of self-renewal 

and the inhibition of differentiation such as the repression of CDKI and the induction of 

Cyclin Ds (Knoepfler, Cheng et al. 2002). The same mechanism could be functional during 

reprogramming of iPS cells. Also, MYC could stimulate reprogramming by modification of 

epigenetic features that lead to dedifferentiation. N-MYC has also been shown to play a role 

in de widespread maintenance of active chromatin and thereby induction of MYC during 

reprogramming might activate genes important for self-renewal and pluripotency or provide 

binding sites for ES specific transcription factors (Knoepfler, Zhang et al. 2006). Decreased 

MYC activity in ES cells leads to differentiation whereas an increased level of MYC might 

result in apoptosis (Cartwright, McLean et al. 2005).  

Although KLF4 is abundantly present in ES cells, its knock down does not affect ES cell self-

renewal and pluripotency since other KLFs compensate for its binding to target sites. 

However, simultaneous downregulation of multiple KLF family members results in ES cell 

differentiation (Jiang, Chan et al. 2008). KLF4, together with other KLFs, binds the Nanog 

enhancer and also shares many DNA targets with Nanog (Jiang, Chan et al. 2008). This might 

suggest the critical role of KLF proteins in the transcriptional regulation of pluripotency. 

KLF4 was also reported to play a role in the inactivation of the tumor suppressor p53 
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resulting in immortalization and might therefore also have oncogenic effects (Rowland, 

Bernards et al. 2005).  

LIN28 was found to play an important role as a negative regulator of microRNA biogenesis 

and that it inhibits the processing of Let-7 differentiation inducing microRNAs in ES cells. 

Thereby, LIN28 may block microRNA mediated differentiation in ES cells and facilitate 

reprogramming (Viswanathan, Daley et al. 2008). Since overexpression of LIN28 leads to 

differentiation and since its depletion does not affect ES cell self-renewal, Darr et al. 

hypothesized that it might be involved in the timing of differentiation (Darr and Benvenisty 

2008). 

Together, OCT4, SOX2, Nanog and LIN28 are highly expressed in pluripotent ES cells and 

their expression is down regulated upon differentiation whereas expression of c-MYC as well 

as KLF-4 do not really change during differentiation (Darr and Benvenisty 2008). It would be 

very interesting to investigate whether iPS cells generated with different transcription factors 

lead to different iPS cells. It might be possible that iPS cells reprogrammed with Nanog and 

LIN28, which are unique for pluripotent cells, are more similar to ES cells than those 

generated with KLF-4 and c-MYC. Overall, the genes that are involved in self-renewal and 

pluripotency are sensitive to the levels of the proteins that regulate them leading to a shift of 

the balance to differentiation upon a change in protein or gene expression. This might also 

influence the generation of iPS cells with these transcription factors.  

 

5.9 Transcription factors needed for the reprogramming to iPS cells 
Several groups published the ability of generating iPS cells with a lower number of factors. 

The differentiation state of a cell might affect its potential to be reprogrammed and the 

number of transcription factors needed for reprogramming (Eminli, Utikal et al. 2008; Hanna, 

Markoulaki et al. 2008). 

In 2007, the first group reported the more specific derivation of iPS cells without background 

colonies from mouse as well as human fibroblasts in the absence of transformation with Myc 

(Nakagawa, Koyanagi et al. 2008). No tumors developed in the chimaeric mice during the 

study period, whereas a lot of tumorigenicity was detected in chimaeric mice derived from 

blastocysts in which four factor iPS cells were injected (Okita, Ichisaka et al. 2007). However, 

the efficiency of reprogramming in the absence of Myc is greatly reduced to an efficiency of 

0.00001% in human iPS cells.  
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In 2008, Shi et al. were the first to show that mouse fetal neural progenitor cells (NPCs) could 

be reprogrammed to iPS cells similar to ES cells with only KLF4 and OCT4 (Shi, Desponts et 

al. 2008). The reprogramming of mouse adult NPGs with OCT4 alone or in combination with 

either KLF4 or c-MYC was also demonstrated (Kim, Zaehres et al. 2008; Kim, Sebastiano et 

al. 2009). Endogenous SOX2 expression in NPCs seemed to be sufficient to compensate for 

the exogenous expression of the gene via viral transduction. The reprogramming efficiency of 

the one-factor approach was estimated 0.014%, which is 10-fold lower than the two-factor 

approach. The ability of reprogramming with OCT4 alone demonstrates its importance for 

pluripotency and supports the hypothesis that NPCs represent an intermediate state between 

differentiated and pluripotent cells. The one-factor iPS cells are similar to ESCs, can 

differentiate into all three germ layers in vitro and in vivo and are capable of germline 

transmission (Kim, Sebastiano et al. 2009).  

Recently it has been shown that MEFs can be reprogrammed into iPS cells with the 

transcription factors OCT4, SOX2 and the orphan nuclear receptor Esrrb (Feng, Jiang et al. 

2009). In this report Feng et al. showed that KLF4 is regulated by Esrrb in ES cells. Even 

though KLF4 is absent from the reprogramming cocktail, endogenous KLF4 might be 

upregulated by Esrrb. Also, Esrrb may enhance the transcription of common target genes of 

OCT4 and SOX2 that are important for self-renewal and pluripotency. 

A cell-based screen performed to identify small molecules that can replace the viral 

transduction of certain transcription factors led to the finding that the addition of BIX to NPCs 

being reprogrammed with KLF4 and OCT4 resulted in a similar reprogramming efficiency as 

reprogramming with four factors (Shi, Do et al. 2008). BIX is a G9a HMTase inhibitor that 

works directly on the epigenetic level thereby activating previously silenced pluripotency 

genes such as OCT4, which might facilitate reprogramming (Kubicek, O'Sullivan et al. 2007; 

Shi, Do et al. 2008). Furthermore, Shi et al. found that the addition of the small molecule 

PD0325901, a MEK inhibitor, at a late stage of reprogramming, inhibits growth of non iPS-

like colonies and promotes the growth of reprogrammed iPS cells. The remaining colonies are 

larger and express OCT4 at a higher level than non-treated iPS cells. It is possible that MEK 

is required for cell cycle progress in somatic cell but not in ES cells and it was reported that 

MEK inhibition prevents differentiation thereby probably stabilizing the iPS cell state 

(Burdon, Stracey et al. 1999; Shi, Do et al. 2008).  

Since NPCs were shown to be reprogrammed to iPS cells by only OCT4 or OCT4 in 

combination with either KLF4 or c-MYC probably due to endogenous SOX2 expression, Shi 

et al. performed a phenotypical screen for the identification of small molecules that could 
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compensate for the absence of SOX2 in MEFs (Eminli, Utikal et al. 2008; Kim, Zaehres et al. 

2008; Shi, Desponts et al. 2008). In this assay, compounds from a library of around 2000 

small molecules were screened and identified as candidates when they induced the appearance 

of ESC-like colonies positive for alkaline phosphatase within 14-21 days after treatment (Shi, 

Desponts et al. 2008). At first, BIX was identified to have a strong reprogramming inducing 

activity, which supports previous findings. In a following screen, in which the efficiency of 

reprogramming was studied with OCT4, KLF-4 and BIX, another molecule, BayK, was 

identified to improve the efficiency (Shi, Desponts et al. 2008). BayK, an L-type calcium 

channel agonist, has been shown to be involved in many signaling processes but never in 

reprogramming. More research has to be done to unravel the mechanism by which BayK 

influences reprogramming. The fact that BayK supports reprogramming in the presence of 

BIX is very interesting for future therapy since it might indicate that it does not target cells on 

its own like epigenetic modifiers, but only those already susceptible for reprogramming for 

example cells after injury (Shi, Desponts et al. 2008).   

Another study investigated the influence of DNA methyltransferase and histone deacetylase 

(HDAC) inhibitors on the efficiency of reprogramming MEFs to iPS cells based on the 

knowledge that HDAC-inhibitors and DNA demethylation improve the efficiency of 

reprogramming during somatic cell nuclear transfer (SCNT) (Blelloch, Wang et al. 2006; 

Rybouchkin, Kato et al. 2006; Huangfu, Maehr et al. 2008). Huangfu et al. found that DNA 

transferases and HDAC inhibitors indeed improve the efficiency of reprogramming 

fibroblasts to iPS cells indicating that histone modification is an important step in the 

reprogramming process (Huangfu, Maehr et al. 2008). Valproic acid (VPA), an HDAC 

inhibitor, was shown to increase the efficiency of reprogramming four-factor infected MEFs 

with more than 100-fold. Microarray analysis of uninfected MEFs treated with VPA showed 

that VPA induced the upregulation of 66% of the genes upregulated in ES cells and the 

downregulation of 55% of the genes downregulated in ES cells (Huangfu, Maehr et al. 2008). 

Treatment of MEFs with VPA alone was not sufficient to induce reprogramming, but VPA is 

likely to work in a rate-limiting step during reprogramming thereby improving 

reprogramming efficiency. Furthermore, it was shown that reprogramming efficiency of 

human fibroblasts infected with OCT4, SOX2 and KLF4 was increased to ~1% when treated 

with VPA. Huangfu et al. also showed in the same study that infection with only OCT4 and 

SOX2 in combination with VPA treatment was enough to generate iPS cells from human 

neonatal fibroblasts (Huangfu, Osafune et al. 2008). This is an important finding since the 

oncogenes c-MYC and KLF4 are both excluded from the reprogramming mix making these 
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iPS cells more amenable for therapeutic use. In addition, VPA is already an approved 

treatment for epilepsy and might readily be used in the clinical setting (Leeman and Cole 

2008). Furthermore, OCT4 and SOX2, both part of the core transcriptional regulatory circuit 

in hES cells (Boyer, Lee et al. 2005), are the only common factors used in different studies to 

generate iPS cells from human somatic cells and shown to be sufficient for reprogramming in 

combination with chemical compounds. 

Reduction of the number of factors used to transduce cells in order to generate iPS cells, 

reduces the chances of retroviral mutagenesis. Up to 20 retroviral integrations were observed 

in iPS cells generated with four transcription factors (Wernig, Meissner et al. 2007; Aoi, Yae 

et al. 2008). The one-factor iPS cells derived from mouse adult neural stem cells were shown 

to contain only 5 integrations of the OCT4 transgene (Kim, Sebastiano et al. 2009). 

Together, screens for small molecules that support reprogramming and might compensate for 

the viral transduction of transcription factors for the generation of iPS cells would circumvent 

oncogene transduction and random viral integration. The identification of these small 

molecules could lead to more insight in the reprogramming process. Furthermore, the use of 

chemical compounds for the derivation of iPS cells is more acquiescent for therapeutic 

application. 

 

5.10 Reprogramming to iPS cells without viral integration 
The use of viruses that integrate into the genome for reprogramming somatic cells to iPS cells 

is a major limitation of this technique. Genome integration increases the risk of tumor 

formation due to spontaneous reactivation of the viral genes (Okita, Ichisaka et al. 2007). 

Stadtfeld et al. reported the derivation of mouse iPS cells without the use of integrating 

viruses by using a combination of cells harboring a doxycyclin-inducible OCT4 allele and 

adenoviruses transiently expressing SOX2, KLF4 and c-MYC or adenoviruses expressing the 

four transcription factors alone (Stadtfeld, Nagaya et al. 2008). These adeno-iPS cells share 

the same developmental potential as iPS cells derived with integrating viruses. Tumor 

formation was not observed in any of the chimeras. However, the efficiency of deriving 

adeno-iPS cells was very low, ranging from 0.0001% to 0.001% in contrast to iPS cells 

generated with integrating viruses (0.01% to 0.1%). Adenoviral gene expression is gradually 

lost in dividing fibroblasts, which might cause many cells not to maintain viral gene 

expression long enough to entry a state resulting in sustained expression of endogenous 

pluripotency factors (Stadtfeld, Nagaya et al. 2008). Furthermore, 23% of the adeno-iPS cells 



 26 

lines were shown to be tetraploid, which is not observed in iPS lines generated with 

integrating viruses. 

Okita et al. reported the generation of mouse iPS cells without the use of viral vectors. 

Repeated transfection of MEFs with two expression plasmids, one containing three 

transcription factors in order as OCT4, KLF4 and SOX2 and another plasmid expressing c-

MYC, resulted in iPS cells without evidence of plasmid integration (Okita, Nakagawa et al. 

2008). These iPS cells produced teratomas when injected in nude mice and contributed to 

adult chimera’s confirming their pluripotency. Like the generation of adeno-iPS cells, the 

efficiency of generating expression plasmid-iPS cells is markedly lower than the method 

using integrating viruses. Whether this is caused by integrating viruses facilitating 

reprogramming or lower transgene expression using plasmids remains to be investigated. 

Very recently it was reported that a single non-viral multiprotein expression vector 

comprising OCT4, SOX2, KLF4 and c-MYC linked with 2A-peptides, can reprogram mouse 

and human fibroblasts with a higher efficiency then the previously reported iPS cells derived 

without viral factors (Kaji, Norrby et al. 2009). Moreover, subsequent Cre-transfection can 

remove the exogenous factors completely from the iPS cells. The combination of this single-

vector system for reprogramming was combined with a PiggyBac (PB) transposon for the 

reprogramming of human cells (Woltjen, Michael et al. 2009). Inverted terminal repeats 

flanking the transgene and transient expression of the enzyme transposase are required for the 

insertion and exision in the PB transposon/transposase system (Fraser, Ciszczon et al. 1996). 

Therefore, the PB insertions could also be removed from the iPS cell lines without affecting 

the original DNA. The iPS cells derived by both methods were demonstrated to express 

characteristic pluripotency markers, were able to differentiate into all three germ layers and 

chimaeric mice were obtained. These methods provide the opportunity to derive iPS cells 

without viral vectors and the complete removal of exogenous factors after reprogramming.  

The generation of iPS cells lacking viral integrations provides the opportunity to assess 

whether iPS cells and ESCs are identical at molecular and functional levels. These iPS cells 

are more applicable for regenerative medicine, drug screening and the establishment of 

disease models. The low expression of viral transgenes in iPS cells and their progeny might 

affect their molecular characteristics and developmental potential.  
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6. Ethical controversies about embryonic stem cell research 

 
Embryonic stem cells research and especially their derivation has been a controversial topic 

ever since they have been known. The main question is whether it is morally acceptable to 

investigate novel therapies for complex diseases at the expense to destroying a human 

embryo. The international debate about this subject brings out a lot of different opinions based 

on basic moral beliefs that makes it difficult to develop a policy acceptable for everyone. The 

legislation about the use of embryonic stem cells varies among different countries (ISSCR 

2008). Performing SCNT for reproductive of therapeutic purposes, for example, is not 

allowed in many countries whereas restricted use of hESCs for research is possible. In Italy 

hESC research is not allowed at all in contrast with the United Kingdom where leftover IVF-

derived embryos can be used for hESC production and where it is legal to perform SCNT for 

the generation of patient-specific stem cells. In the United States, from 1974 no government 

funds are allowed to be used for embryo research making it difficult to answer question about 

infertility, reproductive medicine and prenatal diagnosis by American scientists. In former 

president Bush’s policy, no federal funding could be used for the production of hESCs that 

require the destruction of an embryo and funding was limited to stem cells research using 

hESC lines created before August 9, 2001. However, in 2004 the citizens of California passed 

a law allowing the creation of a granting agency funding stem cell research, which was 

followed by several other states. Recently, president Obama lifted the ban on federal funding 

of embryonic stem cell research. 

The existing restrictions likely slow the progress of hESC research and their future use for cell 

based clinical therapies. Nevertheless, these ethical and political restrictions also stimulated 

the search for alternative methods to derive hESCs that are more acceptable. The proposed 

alternative technologies for producing patient-specific hESCs require a lot of genetic 

manipulation, which limits their use for studying natural embryogenesis and questions their 

developmental potential into differentiated cell lines.  

SCNT recalled a lot of opposition since many researchers thought that the acceptance of 

therapeutic cloning would bring future therapeutic use closer. An additional ethical issue 

concerning human SCNT is that many oocytes are needed. Many people found the collection 

of a large number of oocytes from female volunteers ethically unacceptable since it involves 

painful and potentially risky surgical and hormonal manipulation. Also the derivation of a 

potentially viable embryo prior to the derivation of ESCs from blastocyst leads to ethical 

concerns since this opens the door to reproductive cloning of human beings. In order to avoid 
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this argument, scientists came up with altered nuclear tranfer (ANT) In ANT, a set of genes in 

identified that, when silenced, impair normal embryonic development without affecting the 

resultant stem cells. This way the potential of the development of a viable embryo is 

circumvented. However, genetic manipulation might still influence the outcome of 

experiments using ESCs derived from ANT-embryos.  

Recently, the UK government allowed the production animal-human chimeras by 

transplanting the nucleus of a human somatic cell into enucleated animal eggs. The use of 

animal eggs avoids the need of human oocytes. However, the cytoplasmic proteins of the 

animal egg might influence embryonic development and create the potential of transmission 

of mitochondrial diseases or the introduction of genetic mutations. 

An important point of view in the ethical debate regarding the use of human embryos for 

research is that one addresses that life begins at conception and opposes the destruction of any 

embryo for scientific research. The way the embryo is produced, by natural fertilization, IVF 

or nuclear transfer, does not influence the people who support this statement and think that 

embryonic life should be protected at all stages. The derivation of hESCs from an embryo no 

more than 5 days old was seen as killing a human being. 

Scientists argument that there are obligations to conduct research to gain knowledge since 

there are also moral duties to help each other including the duty to heal (Scott and Reijo Pera 

2008). The society and government have the obligation to create and maintain an environment 

that supports scientists to do their work because of social benefits.  

A lot of the ethical controversies are bypassed with the development of induced pluripotent 

stem cells. The great advantage is that iPS generation does not require oocytes or destruction 

of embryos prior to the derivation of iPS cells. Compared to the technical experience required 

for SCNT, the iPS cell procedure is relatively easy to perform. The derivation of iPS cells 

offers great potential without dealing with a lot of ethical controversies. The only concerns are 

the integrated viruses and oncogenes used to reprogram the somatic cells. 

 

7. Induced pluripotent stem cells in disease models and transplantation 
therapy 
 
Due to limited availability of specific diseased cell types in for example the brain, the study of 

several disorders is sometimes limited to animal models. However, transgenic mice cannot 

adequately model some human diseases and creating disease-specific human ESCs is 

challenging and time consuming. With the derivation of iPS cells, patient-specific iPS cells 
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can offer unique cell models to study several genetically complex diseases in a background in 

which the phenotype has already been shown. Several protocols have been developed by 

mirroring normal developmental biological and signaling processes to generate specialized 

cell types from human ESCs. These differentiation methods have also been successfully 

applied to iPS (figure 5). Some studies provide proof of principle for deriving iPS cells 

combined with gene and cell therapy in cell and animal models. 

 

 
Fig 5: Mouse and human iPS cells have already been differentiated into a variety of disease-relevant cell types, 
including neural cells, dopaminergic neurons, motoneurons, cardiac muscle, hematopoietic progenitor cells and 
blood cells (Amabile and Meissner 2009). 
 
The human sickle hemoglobin allele in hematopoietic progenitors cultured in vitro from iPS 

cells derived from a humanized sickle cell anemia mouse model was corrected by gene-

specific targeting (figure 6) (Hanna, Wernig et al. 2007). In this mouse model, the mouse α-

globin genes were replaced with human α-globin genes, and the mouse β-globin genes were 

replaced with human Aγ and βs (sickle) globin genes. IPS cells were derived from fibroblasts 

from mice homozygous for the human βs allele with retroviruses encoding for OCT4, SOX2, 

and KLF4 and a lentivirus encoding a 2-lox c-MYC cDNA. Then, iPS cells were infected with 

an adenovirus encoding Cre-recombinase to delete the transduced c-MYC copies. The 

correction of the specific βs alleles was done by homologous recombination by electroporating 

the iPS cells with a construct containing the human βA wildtype gene. Homozygous βs/βs mice 

were transplanted with hematopoietic progenitors differentiated from the modified iPS cells.  

Mice were shown to be rescued after transplantation with these hematopoietic progenitors 

leading to improvement of hematological and systemic parameters of sickle cell anemia 
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comparable to those in control mice. This result also shows that iPS cells can be targeted by 

homologous recombination at comparable efficiency to that of ES cells. 

 
Fig 6: Scheme for in vitro reprogramming of skin fibroblasts with defined transcription factors combined with 
gene and cell therapy to correct sickle cell anemia in mice 
 
Another disease suitable for cell replacement therapy is Parkinson’s disease, a 

neurodegenerative disease caused by loss of midbrain dopamine neurons. Wernig et al. 

demonstrated that iPS cells derived from MEFs could efficiently be differentiated in neural 

precursor cells that could functionally integrate into various brain regions after transplantation 

into fetal mouse brains (Wernig, Zhao et al. 2008). Also, iPS cells were induced to 

differentiate into dopamine neurons of midbrain character for transplantation into the brain of 

rat models for Parkinson’s disease. These cells were functional after transplantation and 

improved the behaviour in the rat model for Parkinson’s disease (Wernig, Zhao et al. 2008). 

Separating pluripotent cells from committed neural cells before transplantation minimized the 

risk of tumor formation.  

Hemophilia A is caused by mutations within the Factor VIII gene that leads to depleted 

protein production and inefficient blood clotting. Xu et al. demonstrated that iPS cells derived 

from tail-tip fibroblasts could be differentiated into endothelial progenitor cells expressing the 
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VIII gene. Transplantation of these cells into the liver of a hemophilia mouse model led to an 

increase of plasma VIII levels to 8-12% of the wild type control mice, which was enough to 

correct the hemophilia A phenotype (Xu, Alipio et al. 2009). 

Regeneration of insulin producing beta cells as well as islet transplantation are the most 

promising long term solutions for type I diabetes. Trials with islet cell transplantation from 

cadaver donors resulted in insulin independence in some patients up to two years (Shapiro, 

Ricordi et al. 2006). However, this treatment is limited by the shortage of donors and the 

chronic immunosuppression necessary after transplantation. Tateishi et al. demonstrated that 

iPS cells from human skin fibroblasts can be differentiated into insulin producing islet-like 

clusters (ILCs) (Tateishi, He et al. 2008). These iPS cell-derived ILCs even release C-peptide 

upon glucose stimulation. However, the levels of C-peptide secreted by ILCs derived from 

iPS cells as well as ES cells is lower compared to that of adult human beta cells caused by 

limitations in the current in vitro differentiation protocol (Tateishi, He et al. 2008). Still, these 

findings raise the possibility that patient-specific iPS cells can provide a treatment for diabetes 

in the future.  

The first study to show that human iPS cells derived from fibroblasts can be used as a disease 

model was from cells derived from a spinal muscular atrophy (SMA) patient (Ebert, Yu et al. 

2009). The survival motor neuron 1 (SMN1) is mutated in SMA resulting in reduced SMN 

protein expression. The SMN2 gene is almost identical to SMN1 except for one nucleotide 

difference that results in only 10% of the proteins produced are functional full-length proteins. 

However, SMA patients with several copies of SMN2 produce more full-length protein and 

have a less severe phenotype. Current SMA model systems in animals are not optimal since 

they lack the SMN2 gene. IPS cells derived from SMA patients were able to differentiate into 

neural tissue while maintaining the diseased phenotype, a lack of SMN1 protein expression, 

and also responded to compounds known to increase SMN protein. This model can be used to 

understand SMA pathology and to discover potential compounds to treat this disorder. 

Together, these studies provide additional evidence for potential clinical applications of 

reprogrammed somatic cells in the treatment of several genetic disorders.   

However, techniques for reprogramming free of viral vectors should be developed to adapt 

the iPS cell technology to patient stem cell therapy. The random integrations of the viral 

vectors into the genome generates the possibility that the vector starts acting as an insertional 

mutagen or the oncogenic reprogramming factors can be reactivated in the patients who 

receive the cells.  
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8. HLA Banking 
Since hESCs are a promising source for the replacement of diseases tissues, the creation of a 

bank of HLA-types hESCs would reduce the chance of graft rejection upon transplantation. 

Using hESCs internationally available in hESCs banks provides the opportunity to select for 

AB0-blood group compatible lines as well as the best HLA-match to achieve the maximum 

benefits for recipient patients. Near perfect matches could be achieved with banks harboring 

thousands of hES cell lines, but this is not realistic because of ethic, financial and practical 

reasons (Taylor, Bolton et al. 2005). It was shown that a reasonable percentage of the target 

population could find a full match (8%), beneficial match (31%) or a acceptable match (58%-

80%) with a sample hES cell line size of 150 (Taylor, Bolton et al. 2005). Increase the sample 

size over 150 cell lines would not significantly chance the proportion of patients having a 

match. Although a perfect HLA match would not very often be achieved by a HLA-bank, 

partial matching will help reducing the need for immunosuppressive therapy and improve the 

survival of grafts in recipient patients.  

The creation of a bank harboring a number of hES cell lines homozygous for common HLA 

types, would increase the percentage of matches in recipients. Taylor et al. showed that only 

10 highly homozygous lines would provide a match for 38% of the recipients (Taylor, Bolton 

et al. 2005). However, homozygous ES cell lines are very rare and could be created by 

fertilization using donor gametes from specifically screened and paired volunteers with shared 

haplotypes. Alternatively, homozygous cell lines could be derived with SCNT and 

parthenogenesis. However, technical and ethical issues restrict these approaches.  

The time and costs necessary for the production of differentiated patient specific iPS cells 

could limit their use in clinical practice. The opportunity for deriving more efficient HLA-

haplotypes iPS cell banks comes closer when iPS cells can be derived with an efficiency and 

safety profile comparable to hESCs. Individuals with certain haplotypes, preferentially HLA-

homozygous individuals, could be chosen for the production of iPS cells. In a Japanese 

population, an iPS cell bank of 30 lines would match HLA-A, HLA-B and HLA-DR with 

82,8% of the people and 50 lines would increase the percentage to 90,7% (Nakatsuji, 

Nakajima et al. 2008). The homozygous donors could be identified from HLA databases 

already being used in bone marrow or cord blood banks. Although matching the three most 

important HLA-loci would reduce the rejection of the donor tissue in future transplantation 

therapy, immunosuppression might still be needed. However, if new techniques could 

facilitate the derivation of iPS cells from patients, iPS cell banks would not even be needed 

since the patients own cell can be reprogrammed and used for therapy. 
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9. Discussion 
 
The existing methods to reprogram somatic cells such as somatic cell nuclear transfer (SCNT 

and cell fusion are limited for ethical and practical reasons. These techniques require the 

availability of unfertilized oocytes or pre-implantation embryos or lead to the derivation of 

tetraploid potentially harmful pluripotent cells. Also, human SCNT has not been 

accomplished successfully to date. In contrast to these methods, the direct reprogramming of 

somatic cells using transcription factors gives rise to pluripotent cells without the need for 

oocytes or embryos.  

The reprogramming of somatic cells with defined factors leads to the production of patient-

specific induced pluripotent iPS cells that have a lot of potential as models for complex 

genetic disorders, drug- and toxicology screens and cell replacement therapy without the 

concern of immune rejection.  

The transcription factors OCT4, SOX2, KLF4 and c-MYC were introduced into mouse and 

human somatic cells by transformation with integrating viruses. Delayed drug selection for 

the expression of endogenous Nanog resulted in optimal generation of reprogrammed iPS cell 

colonies. Using this delayed selection technique, morphological criteria were shown to be 

sufficient to obtain iPS cells. The reprogrammed iPS cells are highly similar to ESCs. Their 

DNA is demethylated in the promoter regions of pluripotency genes and the X chromosome is 

reactivated in female cells. The global histone methylation pattern in iPS cells is 

indistinguishable from ESCs (Maherali, Sridharan et al. 2007; Okita, Ichisaka et al. 2007; 

Wernig, Meissner et al. 2007). Also, a similar transcription pattern is observed compared to 

ESCs. Pluripotency was shown by the in vitro and in vivo contribution of human and mouse 

iPS cells to differentiated cells of all three germ layers and the production of viable chimeric 

mice from mouse iPS cells that contribute to the germline. 

The derivation of iPS cells is very inefficient, ranging from 0,01-0,1%. The efficiency of this 

technique might be dependent of the presence of rare undifferentiated cells in the starting 

population. These stem- or progenitor cells would need less epigenetic reprogramming than 

fully differentiated cells. The findings that terminally differentiated cells such as lymphocytes 

were shown to be reprogrammed into pluripotent ES cell by SCNT and that keratinocytes 

have a better reprogramming potency than fibroblasts, does not exclude the possibility that 

adult stem- or progenitor cell are the cells that give rise to iPS cells (Hochedlinger and 

Jaenisch 2002; Aasen, Raya et al. 2008). The presence of keratinocyte stem cells might 

influence the higher efficiency of keratinocyte reprogramming. However, the expression 
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profile of stem cell-related genes of keratinocytes is more similar to ESCs and KiPS cells than 

the profile of fibroblasts is to ESCs and KiPS cells. Genes expressed in keratinocytes as well 

as in ESCs and KiPS cells but not in fibroblasts, might be associated with epigenetic states 

favorable to reprogramming. The question whether the differentiation state of a cell or its 

gene expression profile influence the efficiency of reprogramming to iPS cells is very 

interesting and needs further investigation. 

The observation that transgenes in iPS cells derived from fibroblasts are found in different 

copy numbers per clone, ranging from 10 to 20 integrations (Maherali, Sridharan et al. 2007; 

Wernig, Meissner et al. 2007), suggest that amounts of individual transcription factors above 

a certain threshold are important for reprogramming. Precise levels of OCT4 and SOX2 

expression in ESCs are also important for maintaining the pluripotent cell state. Consistently, 

it was shown that the reprogramming of NSCs into iPS cells with only endogenous SOX2 

expression increased the overall reprogramming efficiency (Eminli, Utikal et al. 2008). The 

chance that single somatic cells receive the 4 viral transgenes all in appropriate levels is very 

low, which might be one of the causes for a low overall reprogramming efficiency. 

Although individual human iPS cell clones derived by transduction with OCT4, SOX2, KLF4 

and c-MYC show no significant differences, variability in their potential to differentiate into 

pancreatic lineage cells was observed (Tateishi, He et al. 2008). This could indicate that not 

all human iPS cell clones are pluripotent despite of passing all the standard tests. This raises 

the question about criteria for true pluripotent iPS cells. 

The transcription factors c-MYC, KLF4 and SOX2 are expressed in several adult tissues and 

can be replaced by other orthologs during reprogramming into iPS cells (Nakagawa, 

Koyanagi et al. 2008). Therefore, the starting cell affects the requirement for reprogramming 

factors. NSCs express high levels of endogenous SOX2 and have been reported to produce 

iPS cells with the expression of only OCT4 and OCT4 in combination with either KLF4 or c-

MYC (Eminli, Utikal et al. 2008; Huangfu, Maehr et al. 2008; Kim, Sebastiano et al. 2009). 

Even though OCT4 seems the only irreplaceable transcription factor, it was reported that 

treatment of NSCs with a chemical inhibitor of histone methyltransferase G9a, a silencer of 

the OCT4 promoter during normal differentiation, induced the formation of iPS cells by 

transduction with KLF4 and c-MYC alone (Shi, Do et al. 2008). Together with BayK, an L-

type calcium channel agonist, this inhibitor also facilitated the derivation of iPS cells from 

MEFs with OCT4 and KLF4 only (Shi, Desponts et al. 2008). Furthermore, it was shown that 

the HDAC inhibitor valproic acid (VPA) could compensate for the expression of c-MYC and 

KLF4 during reprogramming to human iPS cells (Huangfu, Osafune et al. 2008). Together, 
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the use of chemical compounds to facilitate iPS cell generation provides future prospects 

about the derivation of human iPS cells without the need of viral transgenes. 

The use of transcription factors to reprogram somatic cells into patient-specific pluripotent 

cells offers great perspectives for studies of human diseases. However, the efficiency of 

deriving iPS cells should be improved and the use of oncogenes and integration of viral 

vectors into the genome should be avoided since they increase the risk of tumor formation. 

The generation of murine iPS cells using non-integrating adenovirus for the introduction of 

OCT4, SOX2, KLF4 and c-MYC to MEFs and liver cells and the report of the use of 

plasmids for transcription factors expression, offers great potential for the possibility of 

generating human iPS cells without the need for viral integration (Okita, Nakagawa et al. 

2008; Stadtfeld, Nagaya et al. 2008). Novel techniques should focus on different delivery 

methods of transcriptions factors to reprogram human somatic cells. The recently reported 

derivation of mouse and human iPS cells using a PiggyBac transposon/transposase system 

and a single multiprotein vector containing the four reprogramming factors, might be another 

good alternative for reprogramming without viral factors (Kaji, Norrby et al. 2009; Woltjen, 

Michael et al. 2009). The advantage of this system is that exogenous factors can be 

completely removed from iPS cells. These methods provide the opportunity to derive iPS 

cells without viral vectors and the complete removal of exogenous factors after 

reprogramming thereby avoiding their possible reactivation. 

The generation of iPS cells lacking viral integrations provides the opportunity to assess 

whether iPS cells and ESCs are identical at molecular and functional levels. These iPS cells 

are more applicable for regenerative medicine, drug screening and the establishment of 

disease models since they are not permanent genetically modified. The low expression of viral 

transgenes in iPS cells and their progeny might affect their molecular characteristics and 

developmental potential.  

Also, the endogenous gene expression of the starting cell might influence the number of 

transcription factors needed to derive iPS cells. However, neural stem cells, which have been 

reported to be reprogrammed to iPS cells by transformation with only OCT4, are not a readily 

accessible source of cells for studies of human genetic disorders. Furthermore, chemical 

compounds might be used to reduce the number of transcription factors needed for 

reprogramming en increase the efficiency. 

When human iPS cells will be derived without the viral integration and potentially harmful 

oncogenic transcription factors in the future, the low efficiency of reprogramming and the 

costs might still limit the use of these cells for patient-specific therapies. A bank of 
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pluripotent stem cell lines could beneficial for the selection of cell for transplantation 

therapies. It was shown that only 50 HLA-homozygous pluripotent cell lines are sufficient to 

match 90% of a Japanese population (Nakatsuji, Nakajima et al. 2008). The homozygous 

donors could be identified from HLA databases already being used in bone marrow or cord 

blood banks and could be reprogrammed to iPS cells. This method would safe time and costs 

since somatic cells from the patient do not need to be reprogrammed anymore since HLA-

matching iPS cells are already available. 

A better understanding of cell fate changes in response to transcription factors would improve 

the efficiency and development of ES cell differentiation protocols and provide methods to 

convert cells into other cell types. Importantly, iPS cells provide a good model for studying 

the pathogenesis of human genetic diseases. Due to the absence of an appropriate human 

experimental system and the difficulty of inducing specific mutations in wild type cell lines to 

model genetic diseases, good disease models for several complex genetic disorders were not 

obtained before. Thereby, iPS cells offer great potential for the screening of drugs and their 

toxicology, for modeling normal development (defects) and regeneration therapies. The use of 

iPS cells for modeling the development of genetic disorders and their use for transplantation 

therapies after modifying genetic defects have been successfully shown in several reports. The 

recent findings that mouse and human iPS cells can be derived without permanent genomic 

modifications increases the possibility of the future use of iPS cells for clinical applications. 

However, it cannot be excluded that genetic changes might occur during the reprogramming 

process. Also it should be investigated whether iPS cells can be derived with fewer non-

integrating transcription factors in combination with chemicals. 
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