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Pluripotent stem cells, such as embryonic stem (ES) cells, can differentiate into all cell types. So, these cells can be 
a biological resource for regenerative medicine. However, ES cells known as standard pluripotent cells have problem 
to be used for cell therapy because of ethical issue of the origin and immune response on the graft. Hence, recently 
reprogrammed pluripotent cells have been suggested as an alternative source for regenerative medicine. Somatic cells 
can acquire the ES cell-like pluripotency by transferring somatic cell nuclei into oocytes, by cell fusion with pluripotent 
cells. Retroviral-mediated introduction of four factors, Oct4, Sox2, Klf4 and c-Myc can successfully reprogram somatic 
cells into ES cell-like pluripotent stem cells, known as induced pluripotent stem (iPS) cells. These cells closely resemble 
ES cells in gene expression pattern, cell biologic and phenotypic characteristics. However, to reach the eventual goal 
of clinical application, it is necessary to overcome the major drawbacks such as low reprogramming efficiency and 
genomic alterations due to viral integration. In this review, we discuss the current reprogramming techniques and 
mechanisms of nuclear reprogramming induced by transcription factor transduction. 
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Introduction 

　Stem cells are undifferentiated cells capable of pro-
liferation for an expanded period of time, dividing to gen-
erate daughter cells in a process called self-renewal, and 
may differentiate into a diverse range of specialized cell 
types. Stem cells can be classified based on their differ-
entiation potential. Totipotent stem cells can give rise to 
an entire, viable organism as well as to cells of the three 
germ layers (ectoderm, mesoderm and endoderm). Only 
the fertilized embryos and blastomeres up to the 8 cell 
stage are considered to be totipotent cells. Pluripotent 
stem cells can give rise to every type of cell derived from 
the three germ layers, but not to a live organism without 
help of trophoplast cells. Embryonic stem (ES) cells de-

rived from the ICM of pre-implantation blastocyst stage 
embryos can be propagated in vitro, and these cells retain 
pluripotency. Mouse ES cells were first derived by Evans 
and Kaufman in 1981(1). In 1998, the Thomson group de-
rived human ES cells from human blastocyst and devel-
oped cell culture conditions for these cells (2). Multipotent 
stem cells can produce a limited number of cells and dif-
ferentiate into multiple cell lineages, typically those of a 
closely related family of cells. For example, the neural 
stem cells can give rise to cells of the nervous system (e.g. 
neurons and glial cells) and the hematopoietic stem cell 
can give rise to cells of the hematopoietic system (e.g. 
mast cells, macrophages, erythrocytes and lymphocytes). 
Unipotent stem cells can be differentiated into only one 
cell type. The spermatogonial stem cells for example are 
unipotent. 
　So far, due to their plasticity and potentially unlimited 
capacity for self-renewal, human ES cell therapies have 
been proposed as a resource for regenerative medicine. 
However, there are two drawbacks to use human ES cells 
for therapeutic application. First, the process of isolating 
human ES cells requires destruction of human embryos. 
Second, the immune system of the patient recognizes ES 
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Fig. 1. Three different approaches to generate pluripotent stem cells from somatic cells. Pluripotent stem cells can be derived by somatic
cell nuclear transfer, cell fusion and transduction of transcription factors.

cell-derived cells and tissues as ‘non-self’, resulting in an 
immune rejection to the graft. To overcome these issues, 
several groups developed technology to derive ES cell-like 
pluripotent stem cells from differentiated somatic cells, so 
called “pluripotential reprogramming”. These cells repro-
grammed from somatic cells show pluripotent character-
istics, such as reactivation of pluripotency-related genes, 
inactivation of tissue-specific genes, differentiation poten-
tial to all three germ layers, and a specific epigenomic 
state corresponding to the pluripotent cells. Therefore, 
pluripotential reprogramming may allow us to use the 
easily accessible cells for treatment of disease without eth-
ical issue. However, the mechanisms underlying cellular 
reprogramming are largely unknown. In this review, we 
discuss current strategies and mechanisms of generating 
reprogrammed pluripotent stem cells derived by somatic 
cell nuclear transfer, cell fusion and transduction of tran-
scription factors (Fig. 1).

Reprogrammed pluripotent stem cells

Somatic cell nuclear transfer
　Basic technique of nuclear transfer (NT) involves trans-
ferring the nucleus of a diploid cell (full set of paired 

chromosomes) to an enucleated oocyte (Fig. 1). The re-
constructed cells are stimulated to grow into embryos. 
Stimulation, or activation, is achieved by a transient in-
crease in the intracellular-free calcium concentration in-
duced either by electrical pulse or by chemical stimula-
tion. The preimplantation stage embryos are then main-
tained in a sequential culture media and the developed 
embryos are transferred to a foster mother (3).
　Nuclear transfer was first introduced in 1952 to study 
early embryonic development in frogs (4). In 1980’s cloned 
cattle and sheep using embryonic cells as donor cells were 
generated. In 1997, the first successfully cloned animal by 
somatic cell nuclear transfer (SCNT) was reported in 
sheep by Wilmut and colleagues (5). They used mammary 
gland cells as donor cells that had been in G0 phase by 
serum starvation in culture. Schnieke et al. generated the 
first transgenic lamb, Polly, using NT technology (6). A 
year later, Wakayama’s group cloned mice by direct in-
jection of somatic cells into enucleated oocytes using pie-
zo-driven manipulator (7). This instrument enabled the 
nucleus to be removed from the mouse oocyte and to be 
replaced with the nucleus of a somatic cell, which is more 
delicate procedures than that of the sheep. So far, various 
mammalian species have been successfully cloned by 
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SCNT, including sheep, mice, cattle (8), goat (9), pig (10), 
cat (11), rabbit (12), mule (13), horse (14), rat (15), dog 
(16), and wolf (17). Unfortunately, SCNT shows very low 
success rates for full-term cloning. The efficiency of nu-
clear transfer depends on a number of important technical 
and biological variables such as oocyte quality, enuclea-
tion and cell transfer procedures, and oocyte activation. 
Moreover, cloned mice showed many abnormalities, in-
cluding abnormal gene expression patterns (18), abnormal 
placentas (19), and early death (20). Wakayama and col-
leagues found that the efficiency of mouse cloning could 
be enhanced by up to five-fold through the addition of the 
histone deacetylation inhibitor trichostatin A (TSA) into 
the oocyte activation medium (21). Therefore, the success-
ful reprogramming by SCNT must entail the correct epi-
genetic change by reprogramming factors of the oocyte, 
which induce all the epigenetic changes that follow down- 
regulation of somatic genes and up-regulation of embry-
onic genes. 
　On the other hand, ES cells can be derived from NT 
blastocysts (22, 23), so called ntES cells. In contrast to the 
abnormalities seen in directly cloned live animals, ntES 
cells are transcriptionally and functionally indistinguish-
able from normal ES cells derived from fertilized blasto-
cysts, presumably due to a selection of faithfully repro-
grammed cells during culture. In spite of this remarkable 
progress, the application of the therapeutic cloning in pri-
mates remained questionable. Early attempts demon-
strated that human SCNT embryos were unable to develop 
efficiently into blastocysts and mainly arrested at early 
cleavage stages (24). In addition, therapeutic cloning ap-
proach for reprogramming of human somatic cells into 
pluripotent ES cell-like cells poses ethical concerns since 
it involves the creation and subsequent destruction of via-
ble oocytes and embryos with potential for full-term 
development. Furthermore, SCNT fails to produce pheno-
typically homogeneous clones because of the mitochon-
drial DNA remained in the enucleated oocytes, which can 
result in various cell function disorders and phenotype al-
teration in the resulting offspring. Thus, reprogramming 
by SCNT should be substituted by other safe technology 
such as fusion with ES cells or direct reprogramming by 
transduction of transcription factors.

Cell fusion-induced reprogramming
　The reestablishment of new characteristics by cell fu-
sion between two or more different cell types was sug-
gested as early as in 1965. After this pioneering study, sev-
eral groups have shown that pluripotent stem cells have 
an intrinsic capacity for pluripotential nuclear reprogram-

ming of somatic cells by cell fusion (Fig. 1). Therefore, 
somatic cells can acquire a pluripotent state after being 
fused with pluripotent stem cells such as ES, embryonic 
germ (EG), and embryonal carcinoma (EC) cells (25-27). 
Tada and colleagues were the first to show pluripotential 
nuclear reprogramming of somatic cells by cell-cell fusion. 
They fused female EG cells, which are pluripotent cells 
derived from primordial germ cells, with thymocytes from 
adult mice (25). These fused tetraploid cells were pluri-
potent and could contribute to the all three germ layers 
in chimaeric embryos. Tada and colleagues also showed 
that somatic cells can acquire a pluripotency after being 
fused with ES cells (26). Interestingly, the methylation 
patterns of imprinted genes of somatic cells were different 
between EG- and ES cell-somatic hybrid cells. The meth-
ylation pattern of imprinted genes of somatic cells was not 
changed after fusion with ES cells (methylated on the ma-
ternal allele as in somatic cells), but changed after fusion 
with EG cells (not methylated on both alleles). These re-
sults suggest that EG cells contain an additional potential 
to induce methylation change of somatic cells. 
　In human, Cowan and colleagues extended this work by 
showing that nuclear reprogramming of human somatic 
cells can be achieved by fusion with human ES cells (28). 
The fusion hybrid cells present pluripotential character-
istics, such as inactivation of tissue-specific genes, re-
activation of pluripotent-related genes, differentiation 
property to three germ layers and a specific epigenetic 
state corresponding to the pluripotent human ES cells. 
Moreover, mouse pluripotent stem cells can reprogram nu-
clei of human somatic cells into pluripotent state. This re-
sult indicates that reprogramming factors can cross-act 
through another species (29). Hence, reprogrammed fu-
sion hybrid cells have been used for study of reprogram-
ming mechanism. In nuclear transfer, the ooplasm of an 
enucleated oocyte has the capacity to recondition or reset 
the epigenetic program of a somatic cell nucleus to the 
totipotent state. However, enucleated ES cells do not as-
sume the ability to reprogram somatic cells (30). During 
nuclear reprogramming it is expected that the chromatin 
structure, which is believed to function in establishing 
cell-type-specific gene expression pattern, should be sig-
nificantly modified by two major epigenetic events, DNA 
methylation and histone modification. Following hybrid-
ization of ES cells with thymocytes, the somatic cells un-
dergo chromatin remodeling, which is induced by re-
programming factors reside in ES cells (31). Recently, 
Bhutani and colleagues demonstrated a new role of Activa-
tion-induced cytidine deaminase (AID, also known as 
AICDA) in DNA demethylation activity using cell fusion- 
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Table 1. Integration-free iPS generation methods

Deliveries Factors Species Efficiency Reference

Adenovirus OKSM Mouse 0.0006∼0.0018% 44
Sendai virus OKSM Human 0.1% 46
Plasmid OKSM Mouse 0.0001∼0.001% 45
Single polycistronic plasmid OKSM Mouse 0.1% 47
Purified recombinant protein from E. coli OKSM+VPA Mouse 0.006% 51
Whole protein extracts from genetically OKSM Human 0.001% 52
 engineered cell
Synthetic mRNA OKSM Human ∼1% 53

Abbreviations: O, Oct4; K, Klf4; S, Sox2; M, c-Myc; VPA, valproic acid.

induced reprogramming technology (32). They showed 
that OCT4 and NANOG promoter region of human fibro-
blasts were demethylated without replication and cell divi-
sion after fusion with mouse ES cells, indicating that AID 
may function as an active DNA demethylase. However, 
the function of AID in reprogramming process is not 
clear, as we previously showed that when the reprogram-
ming occurs without DNA replication and cell division, 
Oct4-GFP reactivation in somatic genome require passive 
DNA demethylation by pre-treatment of 5-Aza C, a DNA 
methyltransferase inhibitor (30). Therefore, AID may not 
be enough to induce complete pluripotential reprogram-
ming. 
  Although the fusion hybrid cells show pluripotential 
characteristics, the fusion hybrid cells are not identical to 
the pluripotent fusion partner cells. The fusion hybrid 
cells can form chimera but not contribute to germline. 
Although fusion-induced reprogramming is very efficient 
(about 95%), but the resultant hybrid cells lack ther-
apeutic potential because of their tetraploidy and the pres-
ence of exogenous genes from the pluripotent fusion part-
ner cells. 

Transcription factor transduction

　In 2006, Takahashi and Yamanaka screened a combina-
tion of 24 pluripotency-associated candidate genes and 
found that retroviral transduction of four previously 
known transcription factors (Oct4, Sox2, Klf4 and c-Myc) 
can convert mouse embryonic fibroblast (MEFs) and tail 
tip fibroblasts into ES cell-like cells, which are almost in-
distinguishable from mouse ES cells in terms of morphol-
ogy and differentiation potency (Fig. 1) (33). These in-
duced pluripotent stem (iPS) cells can differentiate into 
all three germ layers and contribute to germline com-
petent chimera like mouse ES cells. This finding was in-
dependently confirmed by the Jaenisch group (34). After 

this breakthrough study, various iPS cells have been de-
rived from a number of different species, including hu-
mans (35), rats (36), rhesus monkeys (37), pigs (38), rab-
bits (39), and sheep (40), by expression of the four (Oct4, 
Sox2, Klf4 and c-Myc) or six (Lin 28 and Nanog in addi-
tion to 4 factors) transcription factors. One of the major 
concerns about reprogramming by transduction of tran-
scription factors has been the low reprogramming effi-
ciency. Many groups have tried to increase the efficiency 
in deriving iPS cells from somatic cells by combining tran-
scription factors and small chemical molecules that inhibit 
G9a histone methyltransferase, histone deacetylase, and 
MEK and GSK3 signaling (41-43). Thus, these studies 
demonstrate that fundamental transcriptional network 
governing pluripotency closely related with chromatin re-
modeling and signaling pathways. 
　The retroviral vector systems are widely used as a gene 
transfer tools for both clinical gene therapy and basic re-
search because of their high transduction efficiency and 
well-known mechanism. The retroviral vector used in pre-
vious studies is a Moloney murine leukaemia virus 
(MMLV)-based retrovirus vector, and the transgenes were 
driven by the 5’MMLV long terminal repeat (LTR) pro-
moter, which usually is silenced in ES and EC cells. 
Indeed, reprogramming factors were silenced by DNA 
methylation after reprogrammed into iPS cells. However, 
the MMLV LTR promoter often became spontaneously re-
activated and drove c-Myc expression on differentiation of 
the iPS cells, which subsequently cause tumor formation 
in iPS cell-derived chimeric mice (44). Moreover, the ran-
dom insertion of viral genes into host genome caused se-
vere genetic modification, such as activation or inactiva-
tion of host genes, resulting in tumor formation. There-
fore, in reprogramming by retroviral vector system, several 
major challenges must be overcome, before it can be con-
sidered clinical tools. To be used in clinical trials, iPS 
cells have to be generated with a safe method. A number 
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of strategies have been recently performed, including de-
livering reprogramming factors via the non-integrating ad-
eno- or Sendai-virus, transient plasmid, protein and syn-
thetic mRNA (Table 1).
　The first exogene-free iPS cells were generated from 
adult mouse hepatocytes (45) and from mouse embryonic 
fibroblasts (MEFs) (46) by adenoviral infection and plas-
mid transfection, respectively. These experiments pro-
vided the proof of principle that transient expression of 
the four reprogramming factors is indeed sufficient to in-
duce pluripotency in somatic cells. Somatic cells have also 
been reprogrammed into iPS cells with Sendai virus (47) 
and single polycistronic vectors (48). However, reprogram-
ming efficiency by non-integrating vector systems is much 
lower than that by retroviral vector system. To avoid this 
drawback, several groups have developed integration-de-
pendent gene delivery vectors with incorporated loxP sites 
that can be subsequently excised from the host genome 
by transient expression of Cre recombinase (49). Each of 
the floxed reprogramming factor gene was independently 
integrated into different sites within the host genome, but 
activation of Cre recombinase resulted in multiple ex-
cisions of transgenes, which potentially lead to genome re-
arrangement and genomic instability. Townes group re-
cently generated iPS cells using a single polycistron en-
coding the 2A sequence-linked reprogramming factors in 
a self-inactivating (SIN) lentiviral vector with a loxP site 
in the truncated 5’ and 3’ LTR (50). However, exogenous 
sequences still harbor in these iPS cells. Another approach 
to generate exogene-free iPS cells is to use the piggyBac 
transposons, mobile genetic materials that can be intro-
duced into and removed from the host genome by tran-
sient expression of transposase (51). However, it also re-
mains unclear whether the expression of transposase in-
duces nonspecific genomic alteration in iPS cells. 
　In 2009, two groups reported that DNA-free iPS 
(protein-based iPS, so called piPS) cells have been derived 
from mouse and human fibroblasts by delivering four re-
programming factors as recombinant proteins (52, 53). 
The two methods differ in several important respects. 
Sheng Ding’s method use proteins that were expressed in 
E. coli inclusion body, which was then solubilized, re-
folded and purified. However, this method required addi-
tional treatment of histone deacetylase (HDAC) inhibitor, 
valproic acid (VPA), to facilitate chromatin remodeling. 
The mouse piPS cells fulfilled the criteria for pluripotent 
stem cells including chimera formation and germline 
transmission. On the other hand, Kim’s group used whole 
protein extracts from genetically engineered HEK293 cells 
that expressed high levels of the four reprogramming 

factors. They generated human iPS cells without use of 
small molecules. In both methods, repeated transduction 
of protein to somatic cells was needed for the successful 
generation of iPS cells, which were free of nucleic acid 
delivery. Although the reprogramming efficiency is ex-
tremely low (0.001∼0.006%), the expression system of re-
programming factors in E. coli and mammalian cells facil-
itates the large-scale production of recombinant protein 
and quality control of the established iPS cell in future. 
　In late 2010, a more efficient (∼1%) and safe way to 
produce integration-free iPS cells induced by the in-
troduction of synthetic mRNAs encoding the reprogram-
ming factors into somatic cells were validated by the Rossi 
group (54). These synthetic mRNAs transfected into hu-
man somatic cells are translated in the cytoplasm and does 
not cause permanent genetic change. The introduction of 
synthetic mRNA as a means to manipulate protein ex-
pression in target cells was first used in gain-of-function 
experiments to dissect early embryogenesis of the Xenopus 
laevis. However, synthetic mRNA led to cytotoxicity due 
to the interferon-mediated innate immune response in 
human. It is known that exogenous single-stranded RNA 
(ssRNA) activates antiviral defenses in mammalian cells 
through interferon- and NF-κB-dependent pathways. In 
addition, these synthetic mRNAs have some drawbacks, 
such as low translation efficiency, instability of the deliv-
ered mRNA. To induce reprogramming using mRNA, 
Rossi and colleagues modified the original technology to 
solve these problems. First, in an attempt to further re-
duce innate immune responses to transfected RNA, they 
modified ribonucleoside bases of synthetic mRNA. Com-
plete substitution of either 5-methylcytidine (5mC) for cy-
tidine or pseudouridine for uridine in transcripts mark-
edly improved viability and increased ectopic protein ex-
pression. Second, media supplementation with a recombi-
nant B18R protein, which is a Vaccinia virus decoy recep-
tor for type I interferon, reduced cytotoxicity of the RNA. 
The combination of these approaches ultimately led to 
successful RNA-mediated reprogramming of target cells. 
Although mRNA-based reprogramming is technically 
complex, this method eliminate the risk of genome alter-
ation by exogenous sequences, which is a great advance 
for future clinical application. 

Conclusion

　Pluripotential reprogramming indicates that somatic 
cells could be reprogrammed into ES cell-like pluripotent 
cells by somatic cell nuclear transfer, cell fusion-induced 
reprogramming, transcription factor transduction, and 
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modifying cell culture condition. Since Yamanaka group’s 
first report of iPS cell generation in mouse by the retro-
viral transduction of Oct4, Sox2, Klf4 and c-Myc, this pio-
neering study stunned the stem cell society because of the 
great clinical potential of these iPS cells. Prior to this 
breakthrough study, nuclear reprogramming may con-
stitute an attractive alternative to reprogramming somatic 
cells by SCNT and cell fusion. However, these two ap-
proaches for clinical application have several problems, in-
cluding technical difficulty, ethical concern, polyploidy of 
resulting cells, and non-autologous gene expression. 
Therefore, iPS cell derivation is ethically and technically 
more feasible than SCNT or cell fusion. In order to use 
iPS cells as an efficient research tool and a useful technol-
ogy for clinical application, suitable techniques to deliver 
reprogramming factor into a cell and efficient methods to 
identify the faithfully reprogrammed cells are crucial. 
Hence, researchers have developed efficient and safe ap-
proaches to generate iPS cells without transgene re-
activation, viral integration and genetic alterations. To 
this end, several numbers of strategies were recently devel-
oped: using the non-integrating adeno- and sendai-virus, 
plasmid vector, recombinant protein, or synthetic mRNA 
delivery. So far, most studies concerning iPS cells have fo-
cused on how to reprogram somatic cells efficiently and 
safely. This approach will be also the future direction for 
iPS cells and reprogramming study. 
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