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Introduction 
 

Mammalian development 

 

Mammalian development starts by fertilization of the oocyte, which generates a zygote. 

The zygote undergoes cleavage, mitotic divisions with no significant growth, which leads 

to the blastocyst stage embryo. During this stage there are two groups of cells, the 

trophectoderm and the inner cell mass (ICM). The trophectoderm will give rise to extra-

embryonic structures, like the placenta, while the ICM gives rise to the embryo proper. 

When the blastocyst is implanted into the uterus gastrulation takes place. During 

gastrulation the three germ layers (mesoderm, ectoderm and endoderm) become located 

in the correct position. Initially, future endoderm and mesoderm are located on the 

outside of the embryo and move inwards during gastrulation. After gastrulation, 

neurulation takes place, during which the future central nervous system is formed. A 

recognizable embryo with anterior-posterior and dorsal-ventral axes is formed during 

gastrulation and neurulation [1, 2] [Figure 1]. 

 

Pluripotency 

 

You can think of cell differentiation as a ball rolling down on an epigenetic landscape. 

Conrad Waddington described the epigenetic landscape in 1957 [3], which is a metaphor 

for how gene regulation modulates development. You should imagine a number of balls 

rolling down a hill [Figure 2]. The balls will compete for the grooves on the slope and 

come to rest at the lowest points and these points represent the eventual cell fates. The 

top of the hill represents a totipotent state and rolling down it will reach the pluripotent 

state and will end in a lineage-committed state. Therefore the higher the ball is located 

the less differentiated the cell fate is. In normal development, pluripotent cells appear 

transiently, in this analogy they are not able to stop on the hill and are pulled down by 

gravity to become differentiated. In contrast, embryonic stem cells (ESCs) can self-renew 
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and maintain pluripotency. Thus, it is as if these ESCs are blocked by obstacles formed 

by their particular epigenetic status [Figure 2] [3].  

The term pluripotency refers to the pluripotency of stem cells; they have the ability to 

differentiate into any of the three germ layers, endo-, meso- and ectoderm of the embryo. 

However, they can not form an embryo as a whole because they can not form the extra 

embryonic tissues.  

 

Embryonic Stem Cells 
 

Embryonic stem cells are pluripotent cells, they have the potential to differentiate into 

any cell type of the body. Embryonic stem cells are derived from the ICM of an embryo 

at the blastocyst stage (~embryonic day 5 in humans). [Figure 1] These cells are capable 

of dividing without differentiating for a prolonged period in culture, and are known to 

develop into cells and tissues of the three primary germ layers: endoderm, mesoderm or 

ectoderm. However, they are not capable of forming an embryo because they are not able 

form extra embryonic tissues. 

The first mouse embryonic stem cells (mESC) lines were isolated and cultured by Evans 

and Kauffman in 1981[4], and the first human embryonic stem cells (hESC) lines were 

derived and cultured in 1998 by James Thomson and colleagues [5]. They both require 

different culture conditions to maintain their undifferentiated state.  

The pluripotency of ESCs is maintained by a combination of extracellular and 

intracellular signals. Extracellular signals include generic signaling pathways, such as 
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leukaemia inhibitory factor (LIF), bone morphogenetic protein (BMP) and Wnt cascades, 

whereas intrinsic signals comprise ESC-specific factors that execute the maintenance of 

pluripotency at the transcriptional level. 

mESC are cultured on mitotically inactivated mouse embryonic fibroblasts (MEFs), 

sending signals towards the ESC to maintain pluripotency. Furthermore, mESC can be 

cultured without MEFs, in medium supplemented with LIF. LIF maintains the 

undifferentiated state by activating the signal transducer and activator of transcription 3 

(STAT3) signalling pathway [6, 7]. LIF can not maintain pluripotency in hESC, 

indicating involvement of additional signalling pathways. hESC require the presence of 

basic Fibroblast Growth Factor (bFGF), either secreted by feeder cells or added as a 

recombinant protein. Furthermore laminin and fibronectin have positive effects on hESC 

maintenance, while they promote differentiation in mESCs. Another protein BMP acts 

the opposite way, it induces differentiation in hESC [8] but is involved in self renewal of 

mESCs [9]. 

Differences between mESCs and hESCs can be explained by recent studies of mouse 

EpiStem cells (epiblast-derived pluripotent cells). [Figure 3] mESCs are derived from the 

ICM and keep many characteristics of their origin. For instance, mESCs do not have a 

clear apical-basal (A–B) polarity when cultured in vitro. The ICM lacks the basement 

membrane and does not exhibit A–B polarity before implantation. In contrast, the 

epiblast, a direct derivative of the ICM, has an evident A–B polarity with the apical side 

on the pre-amniotic cavity side. The basement membrane is formed between the epiblast 

and the visceral endoderm [10]. Mouse EpiStem cells are derived from the epiblast of the 

post-implantation embryo and cultured under conditions similar to hESC culture [11]. 

Interestingly, detailed analyses of mouse EpiStem cells in gene expression and cell 

behaviors (e.g., requirements in culture conditions) show a number of similarities not 

only to epiblast cells, but also to hESCs. This led to a proposal that hESCs represent 

human pluripotent cells related to the epiblast status rather than the ICM status [11]. This 

is also in agreement with the flat, simple columnar epithelial morphology of a hESC 

colony. This idea seems to explain, at least in part, the difference between hESCs and 

mESCs with respect to the substrate requirement; with respect to survival and growth, 
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hESCs (epiblast-type) are more dependent on the presence of basement membrane-like 

matrices while mESCs (ICM-type) are not. In addition, a recent study has shown that the 

expression profiles of integrin subunits are different between hESCs and mESCs, which 

explains in part the differences between hESCs and mESCs with respect to survival and 

growth [12]. 

 

Induced pluripotency 

 

Immune rejection problems after cell replacement therapy and ethical issues about 

embryonic stem cells have created the need of alternatives to ESC, for example the use of 

induced pluripotency. The use of patients’ cells to create pluripotent cells would 

overcome this problem. When you picture the epigenetic landscape this would be 

equivalent to pushing the balls uphill into the pluripotent state [Figure 2]. Pluripotency 

has been tried to be induced by somatic cell nuclear transfer, somatic cell fusion, somatic 

cell extract or cell explantation [Figure 4 [13]] [14-24].  

Cloning experiments in amphibians and mammals have demonstrated that adult cells are 

genetically equivalent to early embryonic cells and that differential gene expression is the 

result of reversible epigenetic changes that are gradually imposed on the genome during 

development [25, 26]. The differentiation state of a mature cell can be reversed to one 

that is characteristic of the undifferentiated embryonic state by nuclear transfer [14].  

Somatic cell nuclear transfer involves an injection of a somatic nucleus into an 

enucleated oocyte, which can give rise to ESC with the exact same genetic background 

upon explantation in culture. Pluripotency after nuclear transfer can be functionally tested 

by reproductive cloning, instead of culturing the reprogrammed oocyte it can also be 

implanted into a foster parent and develop into a clone. However reproductive cloning is 

very inefficient and abnormalities are found during all stages of development [14, 15, 

27]. 

The developmental defects found in reproductive cloning indicate faults in epigenetic 

reprogramming which should manifest in altered gene expression patterns. Indeed severe 

dysregulation of gene expression can be found in clones at various developmental stages 

[28-30]. Some genes are dysregulated in a donor-cell-dependent manner, the persistence 

of donor-cell-specific gene expression in clones indicates the retention of an ‘epigenetic 

memory’ of the donor nucleus [28, 31]. This might explain the observation that mice 

cloned from unrelated donor cells may suffer from various abnormalities [27, 32]. 

Faithful reprogramming of the somatic genome and complete elimination of the 

epigenetic memory of the donor nucleus seem to require passage through the germ line, 

because abnormalities are not seen in the offspring of clones [32]. Furthermore cells 

generated by nuclear transfer show the same telomerase activity as the donor tissue they 

were derived from [33]. A high telomerase activity is necessary to sustain cell division. 

This might be another explanation for the observation that animals generated through 

nuclear transfer suffer from various abnormalities. 

Blastocysts and ESC lines have not yet been derived by nuclear transfer from humans. 

Initial attempts to produce nuclear-transfer blastocysts from somatic donor cells have 

been unsuccessful [34]. However, cloned blastocysts have been generated by injecting 

human donor nuclei into enucleated rabbit oocytes, but these blastocysts failed to grow 
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into stable ESC lines [35]. This might be due to respiration defects caused by nuclear–

mitochondrial incompatibility, this phenomenon has been observed in interspecies cell  

hybrids [36]. Spindle abnormalities that have been reported in monkeys were a potential 

obstacle in primate somatic-cell nuclear transfer [37]. However these problems were 

overcome and cloned monkeys have been generated from embryonic donor cells, 

suggesting that the cloning of primates should be possible [38].  

By combining therapeutic cloning and gene therapy genetic disorders can be treated. In 

2002 Rideout and colleagues were the first to show this in a ‘proof of principle’ 

experiment [39]. Rag2
−/−

 mice were used as nuclear donors for transfer into enucleated 

oocytes, in Rag2
−/−

 mice a large protion of the Rag2 coding gene is deleted. Rag2
−/−

 mice 

fail to produce mature B or T lymphocytes, furthermore loss of Rag2 fuction in vivo 

results in total inability to initiate V(D)J rearrangement thus the Rag2-/- is a severe 

combined immune deficient mice strain. After nuclear transfer, the resulting blastocysts 

were cultured to isolate an isogenic embryonic stem cell line. One of the mutated alleles 

in the Rag2
−/−

 ESCs was repaired by homologous recombination, thereby restoring 

normal Rag2 gene structure. Mutant mice were treated with the repaired ESCs in two 

ways: immune-competent mice were generated from the repaired ESCs by tetraploid 

embryo complementation and were used as bone marrow donors for transplantation or 

hematopoietic precursors were derived by in vitro differentiation from the repaired ESCs 

and engrafted into mutant mice. The treated mutant mice had mature myeloid, lymphoid 

cells and immunoglobulins after three to four weeks after transplantation. Showing that 

genetic disorders could be treated by nuclear transplantation and combined cell and gene 

therapy [39]. 

Hybrids that show ESC features of pluripotency can be created by cell fusion. In most 

hybrids, the phenotype of the less-differentiated fusion partner is dominant over the 

phenotype of the more-differentiated fusion partner. The first ones to show successful 

cell fusion were Miller and Ruddle in 1976 [18]. They fused pluripotent teratocarcinoma 

cells with primary thymocytes which resulted in the formation of pluripotent hybrids that 

shared all their features with the parental embryonal carcinoma cells [18]. To create 

pluripotent cells that show ESC features differentiated cells are fused with pluripotent 

ESC. Drawbacks of this technique are that the fusion rate is very low and tetraploid cells 

are generated [17-19]. However, cell fusion would be an attractive approach to create 

customized cells for cell replacement therapy. But for this approach to be viable, the ESC 

nucleus needs to be removed from the hybrid to generate diploid customized cells for 

transplantation therapy. And since it is not clear yet if DNA replication and cell division 

are required for ‘reprogramming’ it will be difficult or even impossible to selectively 

eliminate the entire set of ESC chromosomes from the hybrids. 

A cell free system to induce pluripotency has also been described. In cell extract somatic 

cells or nuclei are exposed to cell extracts from oocytes or ES cells which recapitulate 

early biochemical events of ‘reprogramming’ without stably changing cell fate. However 

this is also a drawback since it is not possible to make a functional reprogrammed clone 

[21, 22]. Human cells that were exposed to Xenopus cell extracts, extracted from 

Xenopus oocytes, showed elevated Oct4 transcript, Oct4 is a gene which is known to be 

involved in pluripotency in both early embryos as ESC [40]. However, it cannot be 

excluded that the detected Oct4 signal came from a transcribed Oct4 pseudogene or a 
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Xenopus Oct4 homologue, rather than from the reactivation of the endogenous Oct4 

locus [40]. 

To induce pluripotency by cell explantation germ cells are isolated and then cultured. 

During culturing selection is made for immortal cell lines that have regained 

pluripotency. Limitation of this technique is that it is limited to germ lines [23, 24]. For 

example, mouse neonatal and adult testis cells were shown to give rise to ES-like cells 

when exposed to a specific combination of growth factors [41]. ES-like cells expressed 

all the markers of pluripotent cells, formed teratomas after transplantation and gave rise 

to chimaeric animals that transmitted to the germ line [41].  

 

Other pluripotent cells are primordial germ cells (PGCs). PGCs will develop into oocytes 

or spermatozoa. Germ cells originate within the primary ectoderm of an embryo. They 

migrate into the yolk sac epithelium and near the base of the developing allantois and are 

called PGCs. They are the first differentiating embryonic cells and are specified by the 

extraembryonic ectoderm (ExE) and the visceral endoderm (VE) [42-45]. Extrinsic 

factors (eg BMPs) secreted by the ExE and VE induce PGC specification. The PGCs will 

migrate through the gut and eventually end up in the sex cords. In the sex cords the PGCs 

will undergo a series of mitotic divisions and than differentiate into primary oocytes or 

spermatozoa [1, 45]. 

Although PGCs are pluripotent cells they do not contribute to tissues upon transfer into 

blastocysts in contrast to ICM cells and ESCs. Differences between PGCs and derivative 

pluripotent cells are also seen when comparing the effect of deleting the Oct4 gene on the 

phenotype of the cells. Deletion of Oct4 in PGCs results in apoptosis [46], whereas loss 

of Oct4 in ESCs causes differentiation [47]. It might be that selective pressure imposed 

on the cells by transplantation to ectopic sites or by explantation in culture can relieve 

PGCs from certain restraints that normally control the terminal differentiation of germ 

cells. Loss of this control might facilitate proliferation and a gain of developmental 

potential. Convincing and reproducible evidence for the derivation of pluripotent cells 

has been confined to cells of the preimplantation-stage embryo [4, 48, 49] and the germ 

line [24, 41, 50, 51]. Germline cells, in contrast to somatic cells, undergo major 

epigenetic changes during their differentiation, which might render them more suitable 

for epigenetic reprogramming to pluripotency than somatic cells. It has been suggested, 

in fact, that all pluripotent cell lines characterized so far, including ESCs, are the product 

of germ-cell precursors [52]. Therefore, an important issue has been whether pluripotent 

cells can be derived not only from the embryo but also from adults without previous 

manipulation of their nuclei.  
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iPS cell reprogramming 

 
Recently, pluripotent cells that are not derived from an embryo have been generated. 

These so called induced pluripotent stem cells (iPS cells) are pluripotent stem cells that 

are induced from mouse or human somatic cells by introduction of different factors. 

These iPS cells are similar to ESC in pluripotency, morphology, proliferation, teratoma 

formation, gene expression and DNA methylation patterns [53]. By generating stem cells 

from adult tissues immune rejection problems that arise during cell replacement therapies 

can be overcome by making patient specific stem cells. 

 
Murine four factor lines first generation 

 

Yamanaka and colleagues were the first to generate iPS cells in 2006 [53]. These iPS 

cells were generated from mouse fibroblasts by retrovirus-mediated introduction of four 

factors Oct4, Sox2, c-Myc and Klf4 and were selected by Fbx15 expression. Yamanaka 

and colleagues first selected 24 candidate genes, genes which are known to be involved 

in pluripotency in both early embryos as ESC (e.g. Oct4, Sox2, etc) and genes which are 

frequently upregulated in tumors (e.g. Stat3, c-Myc, etc) [54-56]. A model was developed 

in which the state of pluripotency could be detected as resistance to G418, an 

aminoglycoside antibiotic, resistance to G418 is conferred by the neo gene. A 

Fbx15bgeo/bgeo mice was created; the bgeo cassette is a fusion of the b-galactosidase 

and neomycin resistance genes and the Fbx15 gene was chosen because it is specifically 

expressed in mouse ES cells and early embryos, but is dispensable for the maintenance of 

pluripotency and mouse development [53]. 

Each of the 24 candidate genes were introduced by retroviral transduction into MEFs 

generated from Fbx15bgeo/bgeo mice. None of these candidate genes were able to create 

G418 resistant colonies and thus were not able to induce pluripotency by themselves. 

However introduction of all 24 genes into MEFs created multiple resistant colonies. 

Which of these 24 genes were critical for inducing pluripotency was then determined. 

Four transcription factors, Oct3/4, Sox2, c-Myc, and Klf4 were necessary to induce 

pluripotency.  

Oct4 is a homeodomain transcription factor of the POU family [54, 57]. It is a maternal 

factor in the oocyte and its expression is involved in an undifferentiated phenotype and 

tumors [47]. Furthermore different levels of Oct4 govern distinct cell fates in ESCs [47]. 

Sox2, also known as SRY (sex-determining region Y)-box 2, is a transcription factor 

involved in the self-renewal of ESCs. It has an important role in maintaining ESC 

pluripotency [56, 58]. Kruppel-like factor 4 (Klf4) is a transcription factor expressed in 

various tissues [59]. Klf4 is involved in various cellular processes, including 

development, proliferation, differentiation, and apoptosis. It can both activate and repress 

transcription, depending on the target gene and interaction partner [60, 61]. c-Myc is a 

transcription factor that has been linked to various cellular functions, including cell-cycle 

regulation, proliferation, growth, differentiation and metabolism [62]. c-Myc is 

considered a proto-oncogene [63]. c-Myc also functions during both self-renewal and the 

differentiation of stem and progenitor cells, particularly in interactions between stem cells 

and the local microenvironment [64]. [More extensive information about the four factors 

can be found in Appendix 1 page 29-31] 
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It was found that the iPS cells created with these four factors exhibit the morphology and 

growth properties of ES cells and express ES cell marker genes. Subcutaneous 

transplantation of iPS cells into nude mice resulted in tumors containing a variety of 

tissues from all three germ layers (teratomas). Following injection into blastocysts, iPS 

cells contributed to mouse embryonic development. However they were different with 

regards to gene expression and DNA methylation patterns and although after injection 

into blastocysts they contributed to mouse embryonic development they were not able to 

generate viable chimeras [53]. Furthermore, although these cells showed features of 

pluripotency, the pluripotency was dependent on the continuous expression of exogenous 

Oct4 and Sox2. Furthermore the promoters of endogenous Oct4 and Nanog genes, which 

are crucial for pluripotency of ESCs, were repressed by DNA methylation. So even 

though they resemble ESCs in many ways, clear differences with ESCs were observed 

[53]. 

 

Murine four factor lines second generation 

 

In 2007 both Yamanaka’s and Jaenisch’ lab demonstrated reprogramming of mouse 

fibroblasts into iPS cells by using the same four factors but different selection genes, 

nanog or Oct4 [65, 66] [Figure 5A]. Nanog and Oct4 were expected to be better markers 

of complete reprogramming because they are crucial to the pluripotent state of ESCs, 

while Fbx15 is dispensable for pluripotency. This time they succeeded in generating 

viable chimeras.  

Instead of using the Fbx15bgeo/bgeo mice Yamanaka and colleagues now created 

transgenic mice containing the Nanog-GFP-IRES-Puror reporter construct, these 

contained a green fluorescent protein (GFP)-internal ribosome entry site (IRES)-

puromycin resistance gene (Puror) cassette into the 5’ untranslated region. Pluripotent 

cells would then express GFP and be resistant for puromycin [65]. Jaenisch utilised 

mouse fibroblast that carry a neomycin-resistance marker inserted into either the 

endogenous Oct4 or Nanog locus to select for pluripotency [66].  

The iPS cells generated showed increased ESC-like gene expression and DNA 

methylation patterns compared with Fbx15 iPS cells and had an ESC-like chromatin 

state. In contrast to Fbx15-selected iPS cells, the pluripotent state was dependent on the 

reactivation of endogenous Oct4 and Nanog loci, as the promoters of these genes were 

observed to be demethylated in reprogrammed cells while retroviral transgenes were 

silenced by de novo DNA methylation [65].  

Furthermore, these second generation iPS cells could produce viable chimeras, and 

thereby contribute to subsequent germ-line production. However, 20% of the iPS cells 

cells derived offspring of the chimeras developed tumors over time. When the tumors 

where examined they showed retroviral expression of c-myc, but not of Oct4, Sox2, or 

Klf4 [65, 66]. In contrast, transgene expression of all four transcription factors remained 

low in normal tissues, except for c-myc in muscle in one mouse. This indicated that 

reactivation of c-myc expression was the cause of tumor formation. 
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Human four factor lines 

 

In November 2007 two independent labs, Yamanaka and Thomson, create human iPS 

cells with four factors [67, 68]. Yamanaka and colleagues created human iPS cells with 

identical factors used with the murine lines, Oct4, Sox2, c-Myc, and Klf4 using 

retroviruses [67]. Thomson and colleagues used Oct4, Sox2, Nanog and LIN28 using a 

lentiviral system [68] [Extensive information about Nanog and LIN28 can be found in 

Appendix 1 page 29-31]. It was decided not to use c-Myc because Sumi and colleagues 

2007 observed that the expression of
 
c-Myc causes death and differentiation of hESC. 

The iPS cells created show the same morphology, proliferation, surface antigens, gene 

expression, epigenetic status of  pluripotent cell-specific genes, telomerase activity and 

expression of hTERT (human telomerase reverse transcriptase) as hESC [67, 68]. 

Although hESC differ from mESC in many respects (e.g. they are flatter and depend on 

different growth factors) human fibroblast could thus be reprogrammed with the same set 

of four factors as mouse fibroblasts. However, human iPS cells could not be 

reprogrammed when the fibroblasts were cultered under conditions for mESC after 

reprogramming. This suggests a common fundamental transcriptional network governing 

pluripotency in both human and mice, but extrinsic factors and signals that maintain 

pluripotency are unique for each species [67]. 

 

Three factor lines 

 

In early 2008, Yamanaka and colleagues reported that both human and mouse iPS cells 

could be created by only using Oct4, Sox2 and Klf4 [64] [Figure 5B]. Using this protocol 

they obtained significantly fewer non-iPS cells background cells, and the iPS cells 

generated were consistently of high quality. Mice derived from the three factor iPS cells 

did not develop tumors during their study period. However the reprogramming process 

takes longer and is not as efficient as the four factor lines. From 5 × 10^4 human dermal 

fibroblast transduced with the four factors, ~10 human (h)ES cell–like colonies and ~100 

non-hES cell–like colonies were obtained. Without Myc no colonies were obtained. From 

5 × 10^5 human fibroblasts transduced with the four factors, >500 non-hES cell–like 

colonies were obtained, as well as some hES cell-like colonies, but it was impossible to 

isolate them. Without Myc, 0–5 hES cell–like colonies were obtained with a few 

background cells. The efficiency of mouse fibroblast is approximately 15 times higher in 

the four factor than in the three factor reprogramming. The omission of Myc results in a 

less efficient but more specific induction of fibroblasts to iPS cells [64]. 
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Adeno-iPS cells 

 

The use of retroviruses or lentiviruses to generate iPS cells creates a major limitation of 

the iPS cells technology. These viruses integrate into the genome and are associated with 

the risk of tumor formation due to the spontaneous reactivation of the viral transgenes. 

This makes use of iPS cells for therapeutic application virtually impossible. Furthermore 

there is the possibility that insertional mutagenesis may be a prerequisite for in vitro 

reprogramming due to the low efficiency of reprogramming (0.01 to 0.1% of input cells), 

although the sequencing of a limited number of insertion sites in iPS cells did not reveal 

common targets. Therefore, Hochedlinger and colleagues generated iPS cells from mouse 

somatic cells, both fibroblasts and liver cells, using adenoviral vectors [69] [Figure 5C]. 

Adenoviral factors allow transient, high-level expression of exogenous genes without 

integrating into the host genome. Oct4, Sox2, c-Myc, and Klf4 were incorporated into 

replication-incompetent adenoviral vectors under the control of the human 

cytomegalovirus immediate early (hCMV IE) promoter and adeno-iPS cells were 

generated [69].  

Although adenovirus vectors are known to not integrate into the genome of host cells, 

this may still occur at extremely low frequencies. To exclude this possibility, PCR 

analysis of genomic DNA isolated from adeno-iPS cell clones was carried out with 

primers recognizing the different cDNA expression cassettes [69].   

The adeno-iPS cells show the same DNA demethylation characteristic of reprogrammed 

cells, express endogenous pluripotency genes, form teratomas, and contribute to multiple 

tissues, including the germ line, in chimaeric mice. Furthermore generation of iPS cells 

with adenoviruses shows that insertional mutagenesis is not required for in vitro 

reprogramming [69]. This proves that in theory iPS cells can be reprogrammed by non-

viral factors and makes the use of iPS cells for cell therapy more feasible. 

 

Cre/LoxP recombination 

 

Although adeno-iPS cells are a big step forward they still show a substantially lower 

efficiency than three or four factor iPS cells and it remains unclear whether similar 

approaches would be successful in the human system. 

Soldner and colleagues attempted a different approach in 2009, Cre-recombinase 

excisable viruses were used to excise integrated transgenes from human iPS cells [70] 

[Figure 5D]. Fibroblasts were infected with lentiviral vectors that could be excised after 

integration using Cre-recombinase. The human ubiquitin promoter of the FUGW-loxP 

lentivirus, which contains a loxP site in the 30 long terminal repeat (LTR), was replaced 

with a DOX-inducible, minimal cytomegalovirus promoter followed by the human 

cDNAs for Oct4, Klf4 or Sox2. Upon proviral replication, the loxP site in the 3’ LTR is 

duplicated into the 5’ LTR, resulting in an integrated transgene flanked by loxP sites in 

both LTRs. One million fibroblasts (PDB) were transduced simultaneously with these 

three viruses, as well as a constitutively active lentivirus expressing the reverse 

tetracycline transactivator (FUW-M2rtTA). Twenty-four human iPS cell lines were 

isolated 3 to 4 weeks after DOX addition which had the same similar kinetics and 

efficiency as human iPS cells carrying the transgenes. The PDB2lox cell lines were 

maintained in the absence of DOX for more than 20 passages and displayed all of the 
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characteristics of human iPS cells. The global gene expression profile, expression of 

pluripotency-related marker proteins Tra-1-60, SSEA4, Oct4, Sox2 and Nanog and the 

reactivation of the endogenous genes Oct4, Nanog and Sox2, was more closely related to 

hESCs than to human iPS cells carrying the transgenes. This indicates that residual 

transgene expression in virus-carrying human iPS cells can affect their molecular 

characteristics. Because the PDB2lox lines have more similar molecular characteristics 

and they do not carry the transgene sequences anymore they represent a more suitable 

source of cells for modeling of human disease. This Cre/LoxP approach successfully 

removes transgene sequences, but it still leaves behind residual vector sequences, which 

can still create insertional mutations [70]. 

To see if it was possible to create transgene-free cells two PDB2lox lines were used and 

different strategies were used for Cre-mediated vector excision. Either the human iPS 

cells were transiently transfected with an expression vector encoding Cre-recombinase 

and the puromycin resistance gene. Cells were selected with puromycin for 48 hr to 

enrich for cells that transiently expressed Cre-recombinase and puromycin after 

electroporation.  Or human iPS cells were cotransfected with plasmids for Cre-

recombinase and EGFP, by electroporation and subsequently sorted for EGFP-positive 

and Cre-expressing cells 60 hr after transfection using FACS. From 1x10^7 iPS cells a 

total of 180 clones were isolated, 10 to 14 days after electroporation, of which 16 clones 

showed excision of all copies of the transgenes detected by southern blot, indicating that 

these clones are totally transgene free [70]. 

 

PiggyBac iPS cells 

 

Recently, another transient transfection-reprogramming method utilising excision of 

piggyBac transposons, to produce vector- and transgene-free mouse and human iPS cells, 

cells has been described.  

Woltjen and colleagues demonstrated reprogramming of both mouse and human 

fibroblasts by non-viral transfection of a single multiprotein expression vector [Figure 

5E]. This expression vector comprises the coding sequences of c-Myc, Klf4, Oct4 and 

Sox2 (MKOS), from a single transcript, linked by three different 2A peptides, F2A, T2A 

and E2a (the reprogramming cassette) which is transcribed by the CAG 

enhancer/promotor. 2A peptides allow multiple proteins to be encoded as polyproteins, 

which dissociate into component proteins on translation. The 2A peptide sequence 

impairs normal peptide bond formation through a mechanism of ribosomal skipping. The 

reprogramming cassette is followed by IRES-mOrange which is flanked by loxP sites 

pCAG2LMKOSimO [71] [Figure 5E].  

To enhance stable transfection efficiencies a piggyBac transposon gene-delivery system 

was used. piggyBac is a 'cut-and-paste' transposon that inserts into TTAA target 

sequences in the presence of a piggyBac transposase [72, 73]. piggyBac is functional in 

various organisms [74-76] and has the ability to integrate more randomly into genomes 

[77]. Moreover, piggyBac's insertion preference for transcription units [77] enhances its 

efficacy in large-scale mutagenesis studies to identify gene functions. 

Human embryonic fibroblasts were transfected with two piggyBac transposons carrying a 

dox-inducible MKOS-IRES-geo cassette and a constitutively active CAG 
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promoter/enhancer driven-rtTA transactivator construct. Upon genomic integration the 

two transposons allow dox-inducible activation of MKOS expression [71].  

14 days after transfection iPS cell-like colony formation was observed when the cells 

were cultured in hESC culture conditions supplemented with dox. In total, 15 colonies 

were picked from 4 wells which initially contained either 3.2x10^4 or 6.4x10^4 

fibroblasts per well. When dox was withdrawn 32 days after transfection, 3 clones 

developed into stable cell lines. In these 3 clones, lacZ activity was hardly detectable; 

suggesting the undifferentiated state of the cell lines is exogenous factor independent 

[71]. 

The piggyBac-iPS cells produced with this nonviral vector have robust expression of 

pluripotency markers, indicating a reprogrammed state. This reprogrammed state was 

confirmed by in vitro differentiation assays and formation of adult chimaeric mice [71].  

This piggyBac system minimizes genome modification in iPS cells and enables complete 

elimination of exogenous reprogramming factors. The drawback of this promising 

approach is that removal of multiple transposons is very labor intensive.  

 

Episome iPS cells 

 

The Thomson lab demonstrated derivation of human iPS cells with the use of non 

integrating episomal vectors [78] [Figure 5F]. Episomal vectors are non chromosomal 

and self-replicating vectors. Episomal vectors have the advantage over non replicating 

vectors that they do not integrate into the host chromosomes and do not cause insertional 

mutagenesis or subject them to position of integration effects, a phenomenon in which the 

transcription of an integrated gene will be affected by its integration site.  

 iPS cells completely free of vector and transgene sequences were derived from 

fibroblasts after removal of the episome. A single transfection with oriP/EBNA1 

(Epstein-Barr nuclear antigen-1)–based episomal vectors was performed, derived from 

the Epstein-Barr virus. These plasmids can be transfected without the need for viral 

packaging and can be subsequently removed from cells by culturing in the absence of 

drug selection. They utilised four factors (Oct4, Sox2, Nanog and LIN28) plus c-Myc and 

Klf4, because reprogramming efficiency is probably too low if you only use four factors. 

These six factors were cloned into the oriP/EBNA1 vector using IRES2 for coexpression, 

which also supports higher reprogramming efficiency. Furthermore, to counteract the 

potential toxic effect of c-Myc SV40 large T gene, which prevents senescence, were 

added to some combinations [78]. Large T genes perturb two distinct cellular control 

pathways through its ability to bind and functionally inactivate the cellular pRB and p53 

tumor-suppressor proteins. Although these genes are oncogenic they do not pose a 

problem because of their gradual loss in the absence of drug selection. 

This reprogramming technique has as advantage that DNA is not integrated into the 

human iPS cell genome and vector- and transgene-free human iPS cells can be isolated 

through subcloning without further genetic manipulation, due to the gradual loss of 

cellular episomal vectors in the absence of drug selection [78]. 
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Protein-iPS cells 

 

All of the previous methods involve the genetic manipulation and thus have the potential 

for unexpected genetic modifications by the exogenous sequences in the target cells. In 

April 2009 Ding and colleagues reported generation of protein-induced pluripotent stem 

cells from murine embryonic fibroblasts [79] [Figure 5G]. Recombinant cell-penetrating 

reprogramming proteins were used, that can cross the plasma membrane of somatic cells. 

These were generated by fusion of a poly-arginine protein transduction domain to the C 

terminus of the four reprogramming factors (Oct4, Sox2, Klf4, and c-Myc).  

This technique has several advantages over other techniques previously described for 

reprogramming. First of all, it eliminates any risk of modifying the target cell genome by 

exogenous genetic sequences so it generates safer iPS cells. Secondly, this technique 

provides a substantially simpler and faster approach. And finally, this protein 

reprogramming could enable broader and more economical applications of iPS cells 

reprogramming, making the therapeutic applications more feasible [79].  

Recently, the first human iPS cells were generated by protein induction [80]. Human 

fibroblast were reprogrammed by direct delivery of four proteins (Oct4, Sox2, Klf4, and 

c-Myc) fused to a cell-penetrating peptide (CPP). These CPP-attached reprogramming 

proteins were expressed in mammalian cells, HEK293 cell lines. To reprogram the 

newborn human fibroblast were treated with cell extracts from the HEK293 cell, efficient 

intracellular translocation of each recombinant protein was observed and the cells 

reprogrammed to iPS cells. These protein-induced human iPS cells exhibited similarity to 

hESC in morphology, proliferation, and expression of characteristic pluripotency markers 

[80]. They differentiated into derivatives of all three embryonic germ layers both in vitro 

and in teratomas. As with the protein induced mouse iPS cells this technique generates 

safer iPS cells. However, the generation of human iPS cells by recombinant proteins was 

very slow and inefficient (~0.001% of input cells [80]) and thus requires further 

optimization. The use of whole-protein extracts is not preferential using purified proteins 

would have more advantages over undefined mixtures in practical applications e.g. 

production, quality control, consistency and avoiding harmful contaminants. Furthermore 

the use of purified proteins will probably increase the concentrations of factors delivered 

into the target cells, and thus result in a higher efficiency. 

 

A schematic overview of all techniques, to generate iPS cells, previously described can 

be found in Figure 5. Furthermore, a table (Table 1) is included with small molecules and 

other factors that are used to enhance the reprogramming process. 
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Mechanistic insights 

 
To understand reprogramming two models have been proposed, the elite and stochastic 

models, which explain the low efficiency and partial nature of iPS cell generation. 

Currently, the stochastic model is more supported by current literature [81]. 

In the elite model only a small number of cells are competent to become reprogrammed 

either partially or completely. These cells can be either determined before or after 

retroviral transduction. This model can be split up into two models: a ‘predetermined 

elite’ and an ‘induced elite’ model [81].  

In the predetermined model, only a few cells are competent of becoming iPS cells even 

before retroviral transduction of the four factors. Candidates for these predisposed cells 

could be tissue stem cells and other undifferentiated cells existing in regenerative tissues. 

Higher reprogramming efficiencies were achieved by nuclear transfer with nuclei from 

pluripotent cells, e.g. ESCs, than with nuclei from terminally differentiated donor cells, 

e.g. neurons. Similar to this observation in iPS cells reprogramming more primitive stem 

cells might be preferentially reprogrammed as well. In skin, stem cells compromise 

0.067% of the total population [82], this percentage is similar to the efficiency of the first 

iPS cells generation. 

However, there is also evidence to reject this model. First of all the reprogramming 

efficiency is now much higher than the 0.067% [82] with up to 10% efficiency with the 

addition of VPA [83] and it is very unlikely that there is a stem cell population of  ~10% 

in fibroblast cultures. However a chemical treatment like VPA might preferentially 

enhance tissue stem cell/progenitor populations. Second, genetic lineage tracing analyses 

show that iPS cells originate from lineage committed cells that are at least partially 

differentiated, iPS cells obtained from liver cells originate from cells that express 

albumin [84] and iPS cells obtained from the pancreas originate from insulin expressing 

cells [85]. Furthermore, iPS cells have been generated from terminally differentiated B 

lymphocytes [86].  

In the induced elite model genes or factors other than the four factors must be activated or 

inactivated by viral integration into the host genome. Consequently, only cells with 

specific viral integration sites are competent for reprogramming.  However there is a lot 

of evidence to reject this model. iPS cells can be generated without retroviruses, by either 

adenoviruses, plasmids, recombinant proteins, etc. However, iPS cell generation without 

retroviruses is far less efficient. Furthermore for episomal reprogramming [78], seven 

factors, including the potent oncogene SV40, were required. Suggesting that insertional 

mutagenesis is not required for iPS cells generation but does promote the process. iPS 

cells generation could be promoted by retroviral activation and inactivation of 

endogenous genes, by enhancing proliferation, decreasing apoptosis or enhancing 

reprogramming. Moreover the position of retroviral integrations can influence the 

amount, continuity and silencing of transgene expression. This might be an explanation 

of why only a small portion of transduced cells complete the reprogramming process. 

In the stochastic model, most or all cells initiate the reprogramming process, but only a 

few can achieve complete reprogramming. 

If you take in mind the epigenetic landscape [see page 3-4 and/or Figure 2] [3] complete 

reprogramming has at least two requirements: the four factors must be expressed in a 

pattern that provides a sufficient push in the upward direction and cells must be blocked 
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to prevent rolling down and thus remain in the pluripotent state [Figure 6 [81]]. Because 

expression levels of the four factors cannot be precisely controlled the uphill movement 

is a stochastic event. Furthermore the blocking cannot be constituted by the four factors 

so again stochastic events are required during this step of iPS cells generation. DNA 

methylation and histone modifications probably have important roles in iPS cells 

reprogramming and might be involved in setting up these blocks or enhancing the upward 

push.  

The molecular mechanisms underlying iPS cells reprogramming are complex and remain 

largely undefined. The exact role of each of the reprogramming factors and if different 

combinations of factors act through similar mechanisms during reprogramming is 

unclear.  

Reprogramming probably depends on the amount, balance, continuity and silencing of 

the transgene expression of the four factors. Each iPS cells clone has a high copy number 

of proviruses, suggesting that strong transgene expression is required. Furthermore even 

though Klf4 is expressed in fibroblasts, its endogenous expression is not sufficient for 

reprogramming. Similarly, c-Myc is endogenously expressed in fibroblasts but 

reprogramming efficiency is enhanced in the four factor lines, which include the c-Myc 

factor, over the three factor lines [64]. 

There might also be a specific stochiometric balance of the four factors on which 
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reprogramming is dependent. For example, in neural stem cells which express the 

endogenous Sox2 gene, the efficiency of iPS cells generation is higher with ectopic 

expression of three factors without Sox2 than with the combination of all four factors 

[87]. Furthermore the balance between c-Myc and Klf4 may also be very important 

because of their oncogenic properties; an imbalance between these factors might cause 

apoptosis and/or senescence [60]. An inappropriate balance of the four factors would 

result in improper reprogramming, senescence or apoptosis. 

 
The continuity and silencing of the transgene expression are also important. During the 

first 10 to 14 days transgene expression must be maintained [88, 89]. To achieve  
complete reprogramming, endogenous genes should take over and transgene expression 

should be silenced. 

Even when the four factors are suitably expressed and able to move cells ‘up hill’, cells 

would ‘roll down’ again without transgene expression. Cells have to be blocked by a 

‘bump’ formed by a specific epigenetic status. Because the four factors do not have 

intrinsic DNA demethylation or histone modification activities, these processes are 

probably a secondary effect, requiring several cell divisions [81]. This may be one reason 

why iPS cells cell generation is so slow and inefficient. Furthermore, factors have been 

reported that enhance the reprogramming and/or functionally replace the role of some of 

the transcription factors, these factors give insight into the mechanisms by which 

reprogramming occurs [An overview of these factors can be found in Table 1, page 17]. 

Valproic acid (VPA), a histone deacetylase inhibitor, enhances reprogramming. It 

enhances reprogramming efficiency with four factors (Oct4, Sox2, Klf4 and c-Myc) in 

mouse fibroblasts, restores reprogramming efficiency in three factor mouse fibroblasts 

and permits reprogramming of human fibroblasts with only two factors, Oct4 and Sox2, 

but with a very low efficiency [83, 90, 91]. This might indicate that c-Myc and/or Klf4 

might have a similar kind of function to VPA and thus act to increase histone acetylation. 

In mouse neural progenitor cells reprogrammed with only Oct4 and Klf4 BIX01294 , a 

methyltransferase inhibitor, restores reprogramming efficiency to four factor level [92]. 

Furthermore BIX01294 can reprogram mouse neural progenitors without Oct4, but with 

the other 3 factors [92]. So the factors that BIX01294 can replace, Sox2, c-Myc and Klf4, 

probably have a similar function.  

Other factors that increase four factor reprogramming efficiency are 5-azacytidine, a 

DNA demethylating agent [93]; BayK8644, a L-type calcium channel agonist [94]; and 

Wnt3a, a cell signaling molecule, known to be involved in the transcriptional activation 

of multiple downstream targets, including c-Myc [95]. This suggests that the functions of 

these factors will be similar to the ones of the reprogramming factors. 

Furthermore, mechanistic insight into the reprogramming process can be found by 

looking at clonal cell lines that are partially reprogrammed using the four factors [94]. 

These cells can help identification of the transcriptional and epigenetic changes that occur 

in the ‘reprogramming cells’ before they reach a pluripotent state.  

Reactivation of genes in MEFs is strongly correlated with chromatin status, genes that are 

in open or accessible chromatin (H3K4me3 and also H3K4me3–H3K27me3) respond 

much more readily to the ectopic expression of the four factors. And genes that are 

repressed by H3K27me3 or DNA methylation show inefficient and delayed reactivation 

[83, 91, 93]. This is consistent with the previously described factors that enhance 
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reprogramming, which main functions are inhibition of histonedeacetylation or DNA-

methylation. Overall it shows that epigenetic reprogramming is crucial in iPS cell 

reprogramming: proper DNA methylation and histon modification are necessary for iPS 

generation. 

 

Reprogrammed Cell Types 
 

For most iPS cells reprogramming fibroblasts have been used as the starting cell 

population, however other cell types can also be used and might be preferred because 

they are easier to obtain from patients [96].  

The choice of fibroblasts as the starting cell population for iPS cells reprogramming has 

many different reasons. First, adult fibroblasts have been previously shown to be suited 

for reprogramming by nuclear transfer in mouse [26] and cell fusion in both mouse and 

human [20, 97]. Second, the derivation of fibroblasts is simple [98] and the culture 

conditions are compatible with ESC culture conditions. Furthermore, they are used as 

feeder layers for ESC and disease specific human fibroblasts are available through cell 

repositories such as Coriell. 

However after the success of fibroblast reprogramming multiple mouse cell types have 

successfully been reprogrammed into iPS cells. These include stomach cells [84], liver 

cells [69, 84], pancreatic β cells [85], lymphocytes [86], and neural progenitor cells [87, 

99]. Furthermore human keratinocytes [100, 101] and human peripheral blood cells have 

also been reprogrammed [96]. 

Stomach, liver cells, keratinocytes peripheral blood cells have been reprogrammed by 

retroviral reprogramming with the four factors [69, 84, 100, 101]. For the reprogramming 

of the pancreatic β cells dox inducible lentiviruses with the four factors were used [85]. 

The reprogramming of B-lymphocytes was performed by the use of transgenic and 

inducible expression of four transcription factors [86]. These factors were sufficient to 

convert non terminally differentiated B-lymphocytes to a pluripotent state. However, 

additional interruption with the transcriptional state maintaining B-cell identity was 

needed for the reprogramming of mature B-cells. Reprogramming could be achieved by 

either ectopic expression of the myeloid transcription factor CCAAT/enhancer-binding-

protein-α (C/EBPα) or specific knockdown of the B-cell transcription factor Pax5 [86].   

Neural progenitor cells have been reprogrammed using dox inducible lentivirusses 

expressing three factors: Oct4, Klf4 and c-Myc [87, 99]. Abundant expression of Sox2 is 

already found in 97% of the neural progenitor cells and therefore does not have to be 

included as a reprogramming factor. Furthermore mesenchymal stem cells need hTERT, 

a necessary component in the telomerase protein complex, in addition to the four factors 

to be reprogrammed into iPS cells. 

These studies have shown that there is a strong influence of cell type on 

reprogrammability, including the efficiency and kinetics of the process as well as the ease 

at which reprogramming factors can be delivered, e.g. human keratinocytes 

reprogrammed faster and more efficiently than human fibroblasts [100, 101]. The 

effective delivery of factors also plays a role in the reprogramming of a given cell type, 

the reprogramming of mouse fibroblasts with adenoviral vectors required 100- to 200-

fold higher titers than that of liver cells [69]. 
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Recently, it has been demonstrated that the teratoma-forming propensities of secondary 

neurospheres (SNS) vary significantly depending on the tissue of origin of the iPS cells 

[102]. SNS from MEF-iPS cells and stomach-iPS cells showed the lowest propensity, 

being comparable to those from ESCs. However, SNS from hepatocyte-iPS cells showed 

intermediate propensity and SNS from tail tip fibroblast-iPS cells showed the highest 

propensity. So there is a variation in the safety of iPS cells derived from different cell 

types [102]. 

To determine the optimal cell type for a reprogramming approach one has to take into 

account several factors. These factors include age and source of the cells, the ease of 

derivation of the cell type and the reprogramming efficiency of this cell type. For basic 

research efforts fibroblasts will likely remain the choice of cell type, but for therapeutic 

applications donor cells would preferably be more easily attainable and less likely to 

contain genetic aberrations that might occur due to age and UV-induced mutations. 

 

Differences between iPS cells and ESC 
 

Recently, it has been described that ESCs and skin cells reprogrammed into iPS cells 

have inherent molecular differences, demonstrating for the first time that the two cell 

types are clearly distinguishable from one another [103]. 

ESCs and the iPS cells have overlapping but still distinct gene expression signatures. The 

differing signatures were evident regardless of where the cell lines were generated, the 

methods by which they were derived or the species from which they were isolated. At 

this point this remains an observation. It may be biologically irrelevant or be seen as an 

advantage or a disadvantage [103]. 

Microarray gene expression profiles of ESC and iPS cells were generated. This data was 

then compared to that stored on a National Institutes of Health data base, which is 

submitted by laboratories worldwide. Again overlapping but distinct differences in gene 

expression were found, suggesting that there could be something biologically relevant 

causing the distinct differences to arise in multiple labs in different experiments.  

Furthermore this was confirmed in iPS cell lines created using the latest non viral 

derivation methods. Again analysis revealed different molecular signatures between iPS 

cells and ESCs, and these signatures showed a significant degree of overlap with those 

generated with integrative methods [103]. 

To determine if this was a phenomenon limited to hESCs; mESCs and iPS cell lines 

derived from mouse skin cells were analysed and again validated their findings. iPS cell 

lines generated from mouse blood cells were also investigated with the same result. 

Many of the differences found were shared amongst lines made in various ways, 15 genes 

that are consistently expressed in the iPS cell lines have significantly different expression 

levels in ESCs. In particular, basic cellular processes are down-regulated in iPS cells 

compared to ESCs, while regulation of genes involved in differentiation are up-regulated. 

It is suggested that this may be because the fibroblasts from which the iPS cells are made 

are not sufficiently reprogrammed. Interestingly, late-passage iPS cells gene and miRNA 

expression more closely resemble the ESC profile than the early-passage iPS cells do. It 

is hypothesized that this may be caused by selecting iPS cells that most resemble ESCs 

over many passages [103]. Further research will be needed to understand what is causing 
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the differential expression and to see if these differences can also be seen in the 

differentiated iPS cells. 

 

Patient specific iPS cells 

 

The generation of iPS cells from an individual patient enables large-scale production of 

the cell types affected by that patient’s disease. These patient specific iPS cells could be 

used for disease modeling, drug discovery and cell therapy. iPS cells offer the potential to 

generate patient-specific cells that would be recognized as ‘self’ by the immune system 

thus circumventing the issue of graft-rejection. Therefore, auto-transplantation of relevant 

cell types derived in vitro from autologous iPS cells can take place after correction of 

genetic defects as recently demonstrated in a ‘proof of principle’ experiment [104] A 

humanized sickle cell anemia mouse model was recently used to show that it is possible 

to correct the genetic defect by coupling gene targeting and direct reprogramming [86]. 

The differentiated iPS cells could rescue the disease phenotype when transplanted into 

the donor mice. This murine experiment suggests that, in principle, human iPS cells could 

also be used for regenerative and therapeutic applications. 

The first group to show successful reprogramming of patient fibroblasts was Dimos and 

colleagues in 2008 [105]. They show reprogramming of fibroblasts from an 82-year-old 

woman diagnosed with a familial form of amyotrophic lateral sclerosis (ALS) [105]. ALS 

is the most prominent adult motor neuron disease and is characterized by the loss of 

upper and lower motor neurons. This results in rapid loss of muscle control and 

eventually will lead to death from respiratory failure.  ALS has a prevalence of 2-3 per 

100.000 people and is generally fatal within 1-5 years of onset [106]. The causes of most 

occurrences of ALS remain unknown; in 90% of instances ALS is sporadic. Of the 

remaining 10% familial ALS ~25% is caused by dominant mutations in the gene 

encoding super oxide dismutase [107-109]. Because most ALS is sporadic (90%) it 

would be usefull to create an iPS cells model to study this disease.  

It was shown that the generated iPS cells have similar gene expression to human ESC and 

they can be differentiated into cell types of each of the three embryonic germ layers 

[105]. These iPS cells were differentiated into patient-specific motor neurons and glia, 

the cell types implicated in ALS pathology, creating a model for studying the sporadic 

form of this disease. This model will provide insight into the intrinsic survival properties, 

the interactions with other cell types, and the susceptibility to the environmental 

conditions of motor neurons; all of these features are considered to play an important role 

in ALS pathogenesis [Figure ?][105]. 

Other patient specific iPS cells have been created for genetic diseases with either 

Mendelian or complex inheritance; these diseases include Adenosine deaminase 

deficiency-related severe combined immunodeficiency (ADA-SCID, also known as the 

“bubble boy disease"), Shwachman-Bodian-Diamond syndrome (SBDS, which causes 

bone marrow to fail and predisposes the patient to leukemia), Gaucher disease (GD) type 

III (a metabolic disorder where fat accumulates in organs), Duchenne muscular dystrophy 

(DMD), Becker muscular dystrophy (BMD), Parkinson disease (PD), Huntington disease 

(HD), Juvenile-onset, type 1 diabetes mellitus (JDM), Down syndrome (DS)/trisomy 21, 

the carrier state of Lesch-Nyhan syndrome (an enzyme deficiency that builds up uric acid 

in body fluids) and Spinal muscular atrophy (SMA) [110, 111]. These patient specific 
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stem cells create the opportunity to study disease modeling, drug development and 

eventually autologous cell replacement therapies. However, all of these patient specific 

iPS cells are generated using the three or four factor (Oct4, Sox2, Klf4 and/or c-Myc) 

reprogramming using retroviruses or lentiviruses (only used for Lesch-Nyhan and SMA 

iPS cells) making it almost impossible to use these iPS cells for cell replacement therapy 

[110, 111]. It will just be a matter of time before patient specific iPS cells are created 

using protein induction offering ‘safe’ iPS cells for cell replacement therapy. 

 
Cell replacement therapy 

 

In many diseases, symptoms are caused by damage, impairment or death of cells, 

resulting in failure of organs forcing to either artificial supplement of the function of the 

damaged region or to surgically repair or replace the organ. However, cell replacement 

therapy could also be used to cure these patients. Several adult stem cell replacement 

therapies are already routinely used to treat diseases today. These include bone marrow 

transplants and peripheral blood transplants, which are used to treat leukemia and other 

types of cancer, as well as various blood disorders. 

Geron, a biotech company, has received FDA clearance to begin the world's first human 

clinical trial of a hESC-based therapy: GRNOPC1 for acute spinal cord injury. This 

clinical study is a Phase I multi-center trial designed to assess the safety and tolerability 

of GRNOPC1 in patients with complete American Spinal Injury Association grade A 

thoracic spinal cord injuries. They derive oligodendrocyte progenitor cells (GRNOPC1) 

from hESCs which will be injected into the spinal cord injury site. In rat models 

GRNOPC1 can improve functional locomotor behavior after implantation in the injury 

site seven days after injury [112]. Furthermore they showed engraftment of the cells and 

the lesion was filled with GRNOPC1 and myelinated rat axons 9 months after treatment 

[112].  

Once ‘safe’ patient specific iPS cells can be generated, using for example protein 

induction for reprogramming, the possibilities for cell replacement therapy will be 

enormous. All cell replacement therapies used today could be changed into iPS cell 

replacement therapies to circumvent graft-rejection. Furthermore, other cell types, like 

neurons, could be used that are nowadays too dangerous to inject into humans because of 

the chance of tumor formation with ESCs derived cell types. 
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Ethics  
 

Stem cells show potential for many different areas of health and medical research, and 

studying them can help us understand development. A lot of serious medical conditions, 

such as cancer and birth defects, are caused by problems that occur somewhere in 

development. A better understanding of normal cell development will allow us to 

understand and perhaps correct the errors that cause these medical conditions. 

Research on human embryonic stem cells has generated much interest and public debate. 

These cells are namely isolated from blastocyst stage human embryos. The embryos that 

are used for hESC research were created for reproductive purposes through in vitro 

fertilization (IVF) procedures. Most of the time there are more embryos created than are 

needed, so these embryos can be donated for research with the informed consent of the 

donor. 

Opponents of hESC research hold that human life begins as soon as an egg is fertilized, 

and they consider a human embryo to be a human being. With this argument, any 

research that necessitates the destruction of a human embryo is thought to be morally 

abhorrent. Although exceptional cases of justifiable homicide may be recognized, 

opponents believe that it is wrong to promote the sacrifice of some persons in medical 

research in order to benefit other persons, so those who participate in human embryonic 

stem cell research may be implicated in wrong doing [113].  

Proponents of hESC research, meanwhile, point out that in the natural reproductive 

process, human eggs are often fertilized but fail to implant in the uterus. A fertilized egg, 

they argue, while it may have the potential for human life, cannot be considered 

equivalent to a human being until it has at least been successfully implanted in a woman's 

uterus [114].   

In vitro fertilization clinics routinely create more human embryos than are needed over 

the course of a fertility treatment, and are therefore left with excess embryos that are 

often simply discarded, proponents of research hold that it is morally wrong to not use 

such embryos for potentially life-saving biomedical research [115]. Opponents object to 

this argument, however, saying that such research would still condone the destruction of 

embryos [114]. 

Some opponents of hESC research also argue that research on adult stem cells is just as 

promising and renders hESC research unnecessary. Most scientists, however, dispute this 

claim, citing great potential in the field of adult stem cells but several drawbacks as 

compared with hESCs. Proponents of hESC research advocate funding for both 

fields[114].  

With the emergence of the iPS cells field these ethical issues are less important, human 

iPS cells are created from adult somatic cells. However, iPS cells have not yet been 

extensively tested and hESC are still necessary as a control for comparison. An although 

iPS cells themselves show the same morphology, cell-surface marker expression and 

genome wide transcriptional profiles as hESC, differentiated cell types from these iPS 

cells have not yet been tested for these features. This further underscores the need for 

hESC in iPS cells research. However, you could also argue that if iPS cells work for your 

research purpose you do not need hESC, because it does not matter if they are similar or 

not. 
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Furthermore, one can question opponents of hESC that are supportive of iPS cells since 

hESC research has led to iPS cells development. Can one use iPS cells without sharing in 

the intentions of those who created hESC and thus destroyed human embryos, just 

because it lies safely in the past? However the development of iPS cells has made the 

ethical discussion somewhat easier. Some citations on the generation of iPS cells: 

Bioethicist W. Malcolm Byrnes “direct reprogramming provides an historic opportunity 

to turn away from the ethically problematic use of embryonic stem cells;” [116] stem cell 

biologists Mahendra Rao and Maureen Condic “direct reprogramming represents an 

exceptionally promising and ethically uncompromised method . . . that avoids the 

corrosive effects of a protracted ethical debate over stem cell research;”[117] and Charles 

Krauthammer, columnist and member of the President’s Council on Bioethics, claims 

that “the embryonic stem cell debate is over” now that there is “an ethically neutral way 

to produce stem cells so elegant and beautiful that scientific reasons alone will now 

incline even the most willful researchers to leave the human embryo alone.”[118] 
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Conclusion 
 

The generation of iPS cells is a major advance in the field of regenerative medicine and 

provides a powerful tool for the study of cell-fate transitions. New techniques are 

continuously developed, but the foundation of iPS cells derivation rests upon successful 

manipulation of a core set of transcription factors (Oct4, Sox2, Klf4 and/or c-Myc). Key 

steps involved in the reprogramming process are the choice of factors and molecules 

used, their delivery method and the choice of target cell type. Furthermore the parameters 

of factor expression, culture conditions, methods to identify cells, and the assays used to 

verify pluripotency are also important. Here a comprehensive overview and comparison 

of the currently available technologies for iPS cells reprogramming have been presented.  

iPS cell reprogramming has promising new biomedical applications, such as the 

generation of patient specific iPS cells for disease modeling and drug discovery and 

eventually the generation of customized iPS cells for therapeutic application, such as cell 

therapy [104, 105, 119]. However, the utilization of iPS cells technology does not stop 

there, reprogramming somatic cells into iPS cells provides a method for amplifying 

single somatic cells in vivo and can be applied to ask mechanistic questions. Which has 

also been done using monoclonal mice derived by nuclear transfer [15, 120, 121]. 

The most promising iPS cells reprogramming technique currently available is the protein 

induced iPS cells, because it eliminates the potential risks associated with the use of 

viruses, DNA transfection, and potentially harmful chemicals and thus could serve as a 

safe source of patient specific iPS cells for regenerative medicine. 

It will be necessary to develop new standardized quality assessments for iPS cells, to 

determine the exact cellular state of future reprogrammed cells; these reprogrammed cells 

can be either iPS cells or somatic cells that have been reprogrammed directly into other 

somatic cells [122]. New technologies, such as genome-wide epigenetic profiling, will be 

valuable to allow progress in this exciting new field. 
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Appendix 1 

 

The reprogramming factors  

  

Oct4 

Oct4 (octamer-binding transcription factor 4, also known as Oct 3 and Pou5f1) was first 

described as a protein present in unfertilized oocytes, ES cells and primordial germ cells 

[57]. In mouse development the germline starts to express Oct4 around E7.25. Oct4 is 

expressed in the ICM, epiblast and PGCs and is repressed in the somatic cell lineages. 

Furthermore all undifferentiated ESC express Oct4.  

Oct4 knockout embryos show that Oct4 expression is essential for the development of the 

ICM in vivo, these embryos fail to develop a pluripotent ICM and die after the blastocyst 

stage. Oct4 expression is also essential for the derivation of ESC and the maintenance of 

a pluripotent state [57].  

Different levels of Oct4 govern distinct cell fates in ESC [47]. Within a narrow window 

of expression, ESC retain an undifferentiated, pluripotent state. With less than a twofold 

increase in expression ESC are differentiated into primitive endoderm and mesoderm, 

whereas repression of Oct4 induces loss of pluripotency and ESC will differentiation into 

trophectoderm [47]. 

 

Sox2 

SRY (sex-determining region Y)-box 2, also known as Sox2, is a transcription factor 

involved in the self-renewal of ES cells. It has an important role in maintaining ESC 

pluripotency. Sox2 forms a heterodimer complex with Oct4 to synergistically control the 

expression of ES cell-specific genes such as UTF1, Fgf4, and Fbx15 [123]. In hESCs, 

Sox2 has 1279 binding sites and Oct4 has 623 binding sites. A total of 404 of these are 

overlapping and 87% (353) of these sites also overlap with Nanog (1687 binding sites) 

targets [124]. In addition to ESCs, Sox2 is also expressed in the extra-embryonic 

ectoderm, trophoblast stem (TS) cells and the developing central nervous system (neural 

stem cells) [56, 58]. In these cell lineages, Sox2 expression is restricted to cells with stem 

cell characteristics supporting their self-renewal capability and is no longer expressed in 

more differentiated cells [56]. However, loss of expression of Sox2 can be compensated, 

forced expression of Oct4 can compensate for loss of Sox2 in ESCs [58] and in 

reprogramming Sox2 can be replaced by Sox1 and Sox3 [64]. 

 

Klf4 

Kruppel-like factor 4 (Klf4) is a transcription factor expressed in a multiple tissues, 

including the epithelium of the intestine, kidney and the skin [59]. Klf4 is involved in 

various cellular processes, including development, proliferation, differentiation, and 

apoptosis. It can both activate and repress transcription, depending on the target gene and 

interaction partner [60]. Furthermore, Klf4 can function both as an oncoprotein and tumor 

suppressor [61]. Constitutive expression of Klf4 suppresses cell proliferation by blocking 

G1–S progression of the cell cycle [61]. In human colorectal carcinoma, KLF4 appears to 

be downregulated, with evidence of hypermethylation and loss of heterozygosity [61].  

In the developing mouse embryo, expression of Klf4 follows a dynamic pattern, being 

first expressed in extraembryonic tissues, and subsequently in the gastrointestinal (GI) 
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tract and in the developing skin layers of the embryo [125]. In adult tissues, Klf4 is 

mainly expressed in terminally differentiated epithelial cells of the GI tract and skin. Klf4 

can be mainly found in quiescent cells virtually no Klf4 is being expressed in actively 

dividing cells. This is counterintuitive with ESC. 

Recently, it has been demonstrated that the forced overexpression of Klf4 in ESCs 

inhibits differentiation in erythroid progenitors, suggesting a role for this factor in ESC-

function [126]. Its exact role in the reprogramming process is also not fully understood 

and Klf4 can be replaced by other Klf family members (Klf2 and Klf5) [64] or by Nanog 

and Lin28 [68]. 

 

c-Myc 

c-Myc is a transcription factor that has been linked to various cellular functions, 

including cell-cycle regulation, proliferation, growth, differentiation and metabolism 

[62]. c-Myc is considered a proto-oncogene, elevated c-Myc expression is observed in 

~70% of human tumors. It is highly expressed in the majority of rapidly proliferating 

cells and is generally low or absent during quiescence [63]. c-Myc also functions during 

both self-renewal and the differentiation of stem and progenitor cells, particularly in 

interactions between stem cells and the local microenvironment [64]. 

A large number of binding sites have been reported throughout the genome and c-Myc 

appears to be involved in recruiting chromatin-remodeling activities to promoters [63]. 

The role of c-Myc in reprogramming is not clear yet. It is dispensable for the 

reprogramming of iPS cells in both mouse and human [64, 83, 87, 127] but the 

reprogramming efficiency decreases dramatically. It can also be replaced by other family 

members, such as n-Myc and l-Myc, to reprogram somatic cells to an ES-like status [64]. 

n-Myc and l-Myc are less tumorigenic members of the Myc family. Unfortunately it has 

not been investigated yet whether the use of these Myc family members results in 

reduced tumor formation when compared to c-Myc. 

 

Nanog 

The first description of nanog is as a factor that is involved in maintaining ESC self-

renewal and pluripotency [128, 129]. The factor has been named nanog by Chambers and 

colleagues, after the mythological Celtic land of the ever-young, “Tir nan Og”. Nanog is 

thought to cooperate with the other crucial ‘stemness’ factors (Oct4 and Sox2), to 

establish the identity of ESCs [128]. Nanog is expressed in the interior cells of the 

compacted morula and the ICM of the blastocyst [128]. Nanog expression is detected 

only in the epiblast and is eventually restricted to PGCs on implantation [128]. Loss of 

Nanog causes ESCs to differentiate but does not mark commitment and is reversible 

[130]. Interestingly, Nanog is not an essential factor for iPS cells reprogramming. 

 

Lin-28 

Lin-28 is a conserved RNA-binding protein involved in developmental timing in 

Caenorhabditis elegans [131]. In mammals, Lin-28 (also known as zinc finger CCHC 

domain-containing protein 1) is expressed in ESCs and during early embryogenesis but 

its expression becomes restricted to several tissues during late embryogenesis and adult 

life. Lin-28 operates as a translational enhancer in embryonic and adult cells. Lin-28can 

block microRNA let-7 processing and affect the differentiation and proliferation of 
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embryonic stem cells [83, 132]. Thus suggesting a role for lin-28 in controlling miRNA-

mediated differentiation in stem cells. Let-7 is expressed late in mammalian embryonic 

development and plays an evolutionarily conserved role from C. elegans to Drosophila to 

mammals. Furthermore let-7 targets include cell cycle regulators such as CDC25A and 

CDK6 promoters of growth including RAS and c-myc and a number of early embryonic 

genes including HMGA2, Mlin-41 and IMP-1 [132].  
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