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ABSTRACT 

Differentiated cells can be reprogrammed into pluripo-
tent stem cells, known as “induced pluripotent stem 
cells” (iPSCs), through the overexpression of defined 
transcription factors. The creation of iPSC lines has 
opened new avenues for patient-specific cell replace-
ment therapies for regenerative medicine. However, the 
clinical utilization of iPSCs is largely impeded by two 
limitations. The first limitation is the low efficiency of 
iPSCs generation from differentiated cells. The second 
limitation is that many iPSC lines are not authentically 
pluripotent, as many cell lines inefficiently differentiate 
into differentiated cell types when they are tested for 
their ability to complement embryonic development. 
Thus, the “quality” of iPSCs must be increased if they 
are to be differentiated into specialized cell types for 
cell replacement therapies. Overcoming these two 
limitations is paramount to facilitate the widespread 
employment of iPSCs for therapeutic purposes. Here, 
we summarize recent progress made in strategies ena-
bling the efficient production of high-quality iPSCs, 
including choice of reprogramming factors, choice of 
target cell type, and strategies to improve iPSC quality. 

KEYWORDS   iPSCs, reprogramming, embryonic stem 
cells, efficiency and quality 
 

INTRODUCTION 

The zygote and the embryonic blastomeres are totipotent 
cells, as they are capable of generating all embryonic and 

extraembryonic tissues that give rise to an entire organism. 
After 4.5 days of embryonic development, these totipotential 
cells give rise to three distinct cell types that comprise the 
blastocyst-stage embryo: the epiblast, the primitive endoderm, 
and the trophectoderm. Of these blastocyst cell types, only 
the cells of epiblast retain the capacity to generate all cell 
types of the three fetal germ layers: the definitive endoderm, 
mesoderm, and definitive ectoderm, as well as the primordial 
germ cells (PGC), the founder cells of male and female 
gametes. Given the capacity of epiblast to give rise to all fetal 
cell types, it is pluripotent.  

Embryonic stem (ES) cells, cultured cell lines explanted 
from the epiblast, are also pluripotent, as they are capable in 
vitro of generating cell types from all three fetal germ layers, 
as well as differentiating into male and female germ cells 
(Wobus and Boheler, 2005). When transplanted back into the 
early embryo into their native environment, ES cells are re-
ceptive to developmental patterning signals and they subse-
quently differentiate into fetal cell types and contribute to fetal 
development. The pluripotency of ES cells are lost as they 
differentiate to generate their differentiated progeny. 

Nevertheless, differentiated cells can be coerced to 
re-attain an unrestricted pluripotent state. Herein, we refer 
to this process as “pluripotent reprogramming”. There are 
different strategies that have been used to induce the con-
version of a differentiated cell into a pluripotent state, in-
cluding nuclear transfer, fusion with pluripotent cells, 
co-culture with cell extracts, culture-induced reprogramming, 
and overexpression of defined transcription factors 
(Hochedlinger and Jaenisch, 2006; Takahashi and 
Yamanaka, 2006). 

Somatic cell nuclear transfer (SCNT), whereby the nu-
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cleus of a differentiated cell is transplanted into an enucleated 
oocyte or zygote, recreates something akin to a totipotential 
cell. The differentiated gene expression program of the nu-
cleus of the differentiated cell is erased by nuclear factors 
present in the cytoplasm of the enucleated oocyte, and the 
presence of these oocyte nuclear factors reinstates a totipo-
tential gene expression program within the new hybrid cell 
formed by nuclear transfer. The resultant totipotent cell re-
sumes normal embryonic development and forms a blasto-
cyst from which ES cells can be derived. Thus, SCNT allows 
for the indirect reprogramming of a differentiated cell into a 
pluripotent cell. Nevertheless, there are technical and ethical 
issues in applying SCNT to human cells to create pluripotent 
human cells through this method (Hochedlinger and Jaenisch, 
2006; Yamanaka, 2007).  

Fusion of a differentiated cell with a pluripotent cell to re-
program the former into a pluripotent cell is also undesirable, 
as the resultant cell has a tetraploid karyotype. Reprogram-
ming of differentiated cells by exposure to pluripotent cell 
extracts has been unsuccessful to date in creating authentic 
pluripotent cells, and reprogramming by specific culture con-
ditions is limited to germ cell lines (Hochedlinger and Jae-
nisch, 2006).  

To date, the most compelling method to achieve pluripo-
tent reprogramming is through the overexpression of pluri-
potency-associated transcription factors within differentiated 
cells. Similar to how in SCNT that oocyte nuclear factors 
enter into the differentiated cell’s nucleus to construct a toti-
potential gene expression program, in this approach to pluri-
potent reprogramming, the overexpressed pluripotency-asso-
ciated transcription factors enter the nucleus of the differenti-
ated cell and instate a pluripotential gene expression pro-
gram.  

In the original report of using transcription factor overex-
pression to achieve pluripotential reprogramming, Takahashi 
and Yamanaka were able to reprogram mouse fibroblasts 
into pluripotent stem cells, known as “induced pluripotent 
stem cells” (iPSCs), by the overexpression of four pluripo-
tency-associated transcription factors (Oct4, Sox2, Klf4, and 
c-Myc) (Takahashi and Yamanaka, 2006).  

Our capability to create iPSCs through transcription factor 
overexpression has yielded several outstanding benefits. 
Firstly, the creation of iPSCs through the reprogramming of 
adult cells allows for the creation of pluripotent stem cell lines 
bereft of any embryonic tissues or oocytes, thus circumvent-
ing many previous ethical objections to the derivation of ES 
cells from embryos. Secondly, the derivation of “patient spe-
cific” iPSCs from the adult tissues of human patients creates 
immune-matched iPSC lines that are autologous to the donor 
patient; any differentiated progeny cells generated from these 
patient-specific iPSC lines are immunocompatible to the pa-
tient and thus can be used in a cell replacement therapy 
without permanent immunosuppression. Finally, the creation 
of patient-specific iPSC lines from patients afflicted with cer-

tain genetic diseases allows for the in vitro modeling of these 
diseases. Other benefits of iPSC research are expertly re-
viewed elsewhere. 

Recent advances in iPSC research are summarized in this 
review with a focus on different strategies that have been 
used to reprogram differentiated cells into iPSCs, the identi-
fication of nuclear factors and chemical compounds that can 
enhance the efficiency of pluripotential reprogramming, and 
lastly, the identification of factors which uniformly improve the 
“quality” of iPSCs and allow for more consistent creation of 
authentically pluripotent iPSC lines. The potential mecha-
nisms of direct reprogramming at the molecular and bio-
chemical levels and future directions of iPSC research are 
also discussed.  

STRATEGIES FOR IPSC GENERATION 

A variety of strategies exist for direct reprogramming differen-
tiated cells to pluripotent state, all of which rely on overex-
pression of particular transcription factors (Table 1). 

One question that has been well-addressed by the field is 
what is the best technical method by which to overexpress 
these reprogramming transcription factors within the starting 
cells. The production of iPSCs has so far been achieved 
through nucleic-acid-based delivery of the reprogramming 
factors (Maherali and Hochedlinger, 2008). Initial generations 
of mouse and human iPSCs employed retroviral vectors 
(Takahashi and Yamanaka, 2006; Takahashi et al., 2007) 
and constitutive lentiviruses (Blelloch et al., 2007; Yu et al., 
2007), while later generations were produced using inducible 
lentiviruses (Brambrink et al., 2008; Stadtfeld et al., 2008b). 
Residual expression of integrated copies of reprogramming 
factors in iPSCs can affect the gene expression and poten-
tially biological properties of the resulting iPSC derivatives. 
These viral systems, however, have been criticized for their 
permanent integration into the genome, and endeavors to 
make iPSCs more therapeutically applicable have led to the 
pursuit of non-integrating approaches (Maherali and 
Hochedlinger, 2008). 

The first reports at direct reprogramming employed Molo-
ney-based retroviral vectors that are known to undergo si-
lencing in the ESC state (Takahashi and Yamanaka, 2006; 
Takahashi et al., 2007; Yu et al., 2007); this self-silencing 
property provided an advantage for initial attempts as the 
temporal requirement of factor expression, which was defined 
that proviral silencing in embryonic stem cells requires the 
histone methyltransferase Eset (Maherali and Hochedlinger, 
2008; Matsui et al., 2010). There are several drawbacks for 
the genome integration system for example their infectivity is 
limited to dividing cells, thus restricting the range of cell types 
that can be reprogrammed; silencing occurs gradually during 
the course of iPSC induction, resulting in a lowered efficiency 
of conversion compared to nonsilencing viral methods and 
iPSCs made with retroviruses often maintain viral gene ex- 
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Table 1  Summary of strategies enabling the production of iPSCs 

Strategy Characters References 
Genomic integration  Moloney-based retrovirus 

 
HIV-based lentivirus; consti-
tutive system 
 
Inducible system 
 
 

Silenced in pluripotent cells; genomic inte-
gration; limited to dividing cells 
Genomic integration; lack of silencing in 
pluripotent state; transduction of both divid-
ing and nondividing cells 
Genomic integration; possibility of leaky 
expression; temporal control over factor  
expression 

Takahashi and Yamanaka, 2006 
 
Blelloch et al., 2007; Yu et al., 2007; 
Brambrink et al., 2008 
 
Brambrink et al., 2008; Stadtfeld et 
al., 2008b 

Free of genetic 
modification 

Transient transfection 
 
 
 
Lentiviral vectors + Cre 
 
 
Adenoviral vector, Episomal 
vectors, Sendai vectors 
 
piggyBac transposon 
 
Protein transduction 
 
 
Small molecules 

No viral components, low frequency of ge-
nomic integration, technically simple proce-
dure but multiple rounds of transfection are 
required, delayed kinetics of reprogramming 
Efficient reprogramming and vector deletion 
but Vector DNA external to the loxP sites 
remain integrated 
Low frequency of genomic integration, de-
layed kinetics of reprogramming, some gen-
eration of tetraploid cells 
Precise deletion possible, excision may be 
inefficient and laborious 
Direct delivery of transcription factors avoids 
complications of nucleic-acid-based delivery, 
but not yet reported for iPSC production  
No genetic modification, still requires at least 
one factor to be transduced 

Okita et al., 2008 
 
 
 
Chang et al., 2009; Soldner et al., 
2009 
 
Stadtfeld et al., 2008c; Fusaki et al., 
2009; Gonzalez et al., 2009 
 
Kaji et al., 2009; Woltjen et al., 2009
 
Bosnali and Edenhofer, 2008 
 
 
Huangfu et al., 2008a; Shi et al., 
2008b; Ichida et al., 2009; Lyssiotis 
et al., 2009 

 
pression thus limiting their utility (Maherali and Hochedlinger, 
2008). Although iPSCs can be generated by constitutive len-
tiviruses, their poor silencing within pluripotent cells make 
them less suitable for direct reprogramming attempts 
(Blelloch et al., 2007; Yu et al., 2007; Brambrink et al., 2008). 
Drug-inducible lentiviruses have provided a more attractive 
approach, as they permit temporal control over factor ex-
pression. This approach creates a defined system for study-
ing reprogramming mechanisms and allows screening of 
genetically homogeneous cells for compounds that can re-
place any transcription factor that enhance reprogramming 
efficiency or required for iPS cell derivation (Wernig et al., 
2008; Markoulaki et al., 2009; Wu et al., 2009). In these sys-
tems, proviruses carrying drug-inducible reprogramming fac-
tors used to derive 'primary' iPSCs were segregated through 
germ line transmission, generating mice and cells carrying 
subsets of the reprogramming factors. Drug treatment pro-
duced 'secondary' iPS cells with over 100-fold increase effi-
ciency only when the missing factor was introduced 
(Markoulaki et al., 2009). 

Methods to overexpress the reprogramming factors that 
rely on genomic integration within the starting cells have 
earned much criticism, as the resultant iPSCs also carry the 
same genomic integrations. The very presence of viral inte-
grations within the genome elicits insertional mutagenesis 
and reactivation of proximal oncogenes, thus drastically al-
tering cellular properties such as proliferation rate (Kustikova 
et al., 2005). Furthermore, after such iPSCs are differentiated 

and the pluripotent state is exited, the silenced integrated 
reprogramming factors can be reactivated within the subse-
quent differentiated cells—thus, when such iPSCs are used 
to form chimeras, the resultant chimeras had a proclivity for 
tumorigenesis, likely due to spontaneous reactivation of the 
reprogramming factor c-Myc, which is an oncogene 
(Nakagawa et al., 2008). 

Though it was originally suggested that the very process of 
iPSC generation might entail transgene integration into par-
ticular loci, it was found shortly thereafter that there are no 
common integration sites amongst various retrovi-
rally-induced iPSC lines, suggesting that transgene integra-
tion is not a necessary reprogramming step and that genera-
tion of insertion-free iPSCs is possible (Aoi et al., 2008; Varas 
et al., 2009). This notion has been confirmed by a series of 
studies. Yu et al. generated human iPS cells with the use of 
nonintegrating episomal vectors. After removal of the epi-
some, iPS cells completely free of vector and transgene se-
quences are derived that are similar to human embryonic 
stem (ES) cells in proliferative and developmental potential 
(Yu et al., 2009). Stadtfeld et al. derived mouse induced plu-
ripotent stem (iPS) cells from fibroblasts and liver cells by 
using nonintegrating adenoviruses transiently expressing 
Oct4, Sox2, Klf4, and c-Myc. These adenoviral iPS 
(adeno-iPS) cells show DNA demethylation characteristic of 
reprogrammed cells, express endogenous pluripotency 
genes, form teratomas, and contribute to multiple tissues, 
including the germ line, in chimeric mice (Stadtfeld et al., 
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2008c). Just by repeated transient transfection of plasmids 
carrying the reprogramming factors, Okita et al. also attained 
insertion-free mouse iPS similar to ES cells.  

Such episomal, adenoviral, and transient transfection 
means to deliver the reprogramming factors address a critical 
safety concern for the potential use of iPS cells in regenera-
tive medicine (Okita et al., 2008). Although the several 
methods above are transient and minimize the potential for 
insertion mutagenesis, it should be noted that they are ex-
tremely inefficient in reprogramming cells as compared to 
traditional integrating vector strategies.  

Other groups have exploited lentiviral vectors flanked by 
loxP sites as factor delivery vehicles, such that Cre-mediated 
recombination in the resultant iPSC lines could excise the 
integrated transgenes (although it should be noted that the 
loxP sites themselves remain in the genome) (Chang et al., 
2009; Soldner et al., 2009). Another recent approach has 
involved piggyBac transposition, wherein the reprogramming 
factors are delivered in a piggyBac transposon that can be 
subsequently induced to integrate or excise from the genome 
upon transient expression of a transposase enzyme (Kaji et 
al., 2009; Woltjen et al., 2009). Unlike the above loxP-based 
lentiviral system, the piggyBac transposition system does not 
leave behind any genetic material in the genome after trans-
poson excision. 

REPROGRAMMING WITH DIFFERENT FACTORS 
OF TRANSCRIPTION FACTORS 

In their original report where Takahashi and Yamanaka that 
found that transcription factor overexpression was capable of 
reprogramming mouse fibroblasts, they screened 24 tran-
scription factors, intracellular signaling pathway components, 
and epigenetic regulators believed to be important in safe-
guarding the pluripotency of ES cells. Through iterative ex-
periments, they eventually found that all factors save four 
were dispensable for reprogramming—these four factors 
became known as the classical quartet of pluripotential re-
programming factors; Oct4, Sox2, Klf4, and c-Myc 
(Takahashi and Yamanaka, 2006). This classical cocktail of 
reprogramming factors has been shown to induce pluripo-
tency within a multitude of mouse cell types, as well as rhe-
sus monkey (Li et al., 2009b; Liao et al., 2009), pig (Esteban 
et al., 2009; Ezashi et al., 2009; Wu et al., 2009; West et al., 
2010) and human cells (Takahashi et al., 2007; Yamanaka, 
2007).  

Permutations of this classic four-factor combination have 
been used to successfully reprogram differentiated cells to a 
pluripotent state (Table 2). For example, Sox1 and Sox3 have 
been found to be able to substitute for Sox2, albeit with a 
decrease in reprogramming efficiency; Klf2 can replace Klf4, 
and L-Myc and N-Myc were found to be able to replace c-Myc 
(Blelloch et al., 2007; Nakagawa et al., 2008). Yu et al. was 
also able to generate human iPSCs from human fibroblasts 

through a different set of factors, namely Oct4, Sox2, Nanog, 
and Lin28 (Yu et al., 2007).  

Later, c-Myc was found to be dispensable for the repro-
gramming process, thus further narrowing down the list of 
classical reprogramming factors to three—Oct4, Sox2, and 
Klf4 (Blelloch et al., 2007). 

Certain reprogramming factors have been found to be 
dispensible when cell types endogenously expressing these 
reprogramming factors are used, thus further reducing the 
number of necessary factors. For example, human and 
mouse neural stem cells already express Sox2, Klf4, and 
c-Myc; thus, they can be reprogrammed by singular 
overexpression of Oct4 (Kim et al., 2008, 2009b).  

Other unrelated pluripotency-associated transcription fac-
tors have also been shown to be capable of reprogramming 
cells. For example, we have found that Klf4 can be replaced 
by the orphan nuclear receptor Esrrb, thus allowing for re-
programming with only Oct4 and Sox2 (Feng et al., 2009a). 
Overexpression of the orphan nuclear receptor Nr5a2 can 
replace Oct4, thus allowing for reprogramming with only Sox2 
and Klf4 (Heng et al., 2010). 

Of particular interest, transcription factor overexpression is 
a feasible approach to establish pluripotent stem cell lines for 
species in which it has been difficult to establish ES cell lines 
from the early embryo (Trounson, 2009; Wu et al., 2009). For 
example, ES cell lines of many species, such as pig, cow, 
goat, and sheep have been long sought-after, and many 
efforts to produce ES cell lines for these species over the past 
two decades have proven to be unsuccessful (Keefer et al., 
2007).  

Despite this, pluripotent stem cell lines for the rat, pig and 
monkey in the form of iPSC lines have been derived through 
the overexpression of Oct4, Sox2, Klf4, and c-Myc from these 
species (Liu et al., 2008; Esteban et al., 2009; Ezashi et al., 
2009; Li et al., 2009b; Liao et al., 2009; Wu et al., 2009). 
However, we note that some caution must be taken when 
considering these iPSC lines from such species, because the 
pluripotential character of such species’ iPSC lines is not 
comparable with the pluripotent character of conventional 
mouse ES and iPSC cell lines. For example, pig iPSCs do not 
exhibit as robust reactivation of endogenous pluripotency 
genes as mouse iPSCs, and they are incapable of silencing 
integrated genes (Esteban et al., 2009; Ezashi et al., 2009; 
Wu et al., 2009). Nevertheless, porcine iPSCs derived from 
mesenchymal cells are capable of contribution to all three 
germ layers after injection into the early embryo, affirming 
that they at least are capable of multilineage differentiation 
(West et al., 2010). 

CHOICE OF STARTING CELL TYPE 

As aforementioned, the choice of starting cell type to be used 
for reprogramming is impactful. Cells that already endoge-
nously express certain reprogramming factors at appropriate 
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levels may not require overexpression of these factors during 
the reprogramming process. Furthermore, stem cells and 

progenitors often have a more globally permissive chromatin 
structure to facilitate ready access to multilineage differentia- 

 
Table 2  Different combinations of transcription factors that induce nuclear reprogramming 

Species Combination of factors Cell types Comments  Reference 
OSKMc 
 

Most of the cell types 
including terminal dif-
ferentiated B and T 
cells 

Yamanaka’s classical cocktail of reprogram-
ming factors 

Takahashi and Yamanaka, 
2006; Aoi et al., 2008; 
Hanna et al., 2008; Kim et 
al., 2008; Stadtfeld et al., 
2008a 

OSKMn Fibroblast nMyc and cMyc are largely interchangeable 
and nMyc has been reported to be less tu-
morigenic than cMyc in in vitro assays of 
transformation 

Blelloch et al., 2007 

OSKT Fibroblast Tbx3 can improve the quality of iPS cells due 
to its regulation of  pluripotency associated 
and reprogramming factors 

Han et al., 2010 

OSEMc Fibroblast Esrrb is a orphan nuclear receptor, it may 
mediate reprogramming through the upregula-
tion of ES-cell-specific genes 

Feng et al., 2009a 

SKNrMc Fibroblast Nr5a2 shares many common gene targets with 
Sox2 and Klf4, can upregulate Nanog in ES cells 

Heng et al., 2010 

OSK 
 

Fibroblast, hepatocytes 
and neural stem cells 

Ectopic expression of c-Myc causes tumori-
genicity in chimeric offspring 

Nakagawa et al., 2008 

OSE Fibroblast Low efficiency Feng et al., 2009a 

SKNr Fibroblast Low efficiency Heng et al., 2010 
OK Neural stem cell Neural stem cells express higher endogenous 

levels of Sox2 and c-Myc than embryonic stem 
cells 

Kim et al., 2008 

OMc Neural stem cell Neural stem cells express higher endogenous 
levels of Sox2 and Klf4 

Kim et al., 2008 

Mouse  
 
 

O Neural stem cell Neural stem cells express higher endogenous 
levels of Sox2 and Klf4 

Kim et al., 2009b 

OSKMc Most of the cell types Yamanaka’s classical cocktail of reprogram-
ming factors 

Takahashi et al., 2007; 
Aasen et al., 2008; Lowry 
et al., 2008; Park et al., 
2008; Loh et al., 2009 

OSNL Dermal fibroblasts Yu’s cocktail for human direct reprogramming Yu et al., 2007 

OSK Dermal fibroblasts Myc is independent for human direct  
reprogramming 

Takahashi et al., 2007; 
Huangfu et al., 2008b 

OKN Dermal fibroblasts Low efficiency Yu et al., 2007 

OKL Dermal fibroblasts Low efficiency Yu et al., 2007 
OS + VPA Dermal fibroblasts Valproic acid (VPA), a histone deacetylase 

inhibitor, enables reprogramming of primary 
human fibroblasts with only two factors, Oct4 
and Sox2 

Huangfu et al., 2008b 

OKMc Neural stem cell Neural progenitor cells expressed high levels 
of endogenous Sox2 and thus did not require 
viral Sox2 expression for reprogramming into 
iPS cells 

Eminli et al., 2008; Kim et 
al., 2008 

Human  

O Neural stem cell Neural stem cells express higher endogenous 
levels of Sox2 and Klf4 

Kim et al., 2008; Kim et al., 
2009a 

Rat OSKMc Fibroblast Rat adult cell can be reprogrammed to pluripotent 
state by mouse and human transcription factors 

Liu et al., 2008 

Monkey OSKMc Fibroblast Monkey iPS cells need further test of chimera 
contribution 

Li et al., 2009b; Liao et al., 
2009 

Pig  OSKMc 
OSKMcNL 

Fibroblast 
Mesenchymal cells 

Pig adult cell can be reprogrammed to pluri-
potent state by human transcription factors 

Esteban et al., 2009; 
Ezashi et al., 2009; Wu et 
al., 2009; West et al., 2010

Note: O, Oct4; S, Sox2; K, Klf4; Mc, c-Myc; Mn, n-Myc; E, Esrrb; Nr, Nr5a2; N, Nanog; L, Lin28 
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tion programs, thus making them more amenable to repro-
gramming. Additionally, differentiated cells with extensive 
self-renewal capabilities or that express certain pluripotency 
markers or transcriptional regulators may also be more in-
clined towards pluripotential reprogramming. 

Through conventional reprogramming approaches, human 
and mouse fibroblasts can only be reprogrammed with a 
0.01%–0.05% efficiency (Takahashi and Yamanaka, 2006; 
Takahashi et al., 2007; Yu et al., 2007). However, results from 
multiple independent laboratories indicated that neural stem 
cells (Kim et al., 2008), hematopoietic stem cells (Eminli et al., 
2009), meningiocytes from the mouse meningeal membranes 
(Qin et al., 2008) and primary keratinocytes from plucked hair 
(Aasen et al., 2008) are more efficiently reprogrammed utilizing 
the same reprogramming protocols (Table 3).  

For at least some of these cell types, it is likely that their 
increased proclivity for reprogramming is due to endogenous 
expression of the reprogramming genes. For example, hu-
man keratinocytes already express very high levels of Klf4 
and c-Myc, and they reprogram two orders of magnitude 
more efficiently than their fibroblast counterparts (Aasen et al., 
2008). Mouse meningial membrane cells already express 
Sox2, thus providing a mechanistic explanation for their rela-
tively high reprogramming efficiency (Qin et al., 2008).  

Conversely, particular differentiated cell types appear to 
be more refractory to reprogramming. For example, efficient 
reprogramming of terminally-differentiated B lymphocytes 
requires knockdown of the B lymphocyte transcription factor 
Pax5 or overexpression of the myeloid transcription factor 
C/EPBa to destabilize the firmly-entrenched B cell transcrip-
tional program prior to reprogramming (Hanna et al., 2008).   

Several laboratories have established differentiated cell 
lines that already uniformly carry doxycycline-inducible copies 
of the reprogramming genes; these cell lines efficiently re-
program upon addition of doxycycline and their reprogram-

ming efficiency does not depend on variable efficiency by 
which the reprogramming factors can be overexpressed us-
ing viral vectors (Hanna et al., 2008). Thus, true reprogram-
ming efficiency of these cells invariant of viral infection effi-
ciency can be ascertained. Such high-efficiency “secondary 
systems” are attained through iPSCs that have been gener-
ated with integrated, doxycycline-inducible reprogramming 
factors; these “primary” iPSCs are differentiated into differen-
tiated cells, such that addition of doxycycline reprograms 
these cells into “secondary” iPSCs.   

Irrespective of what cell types are ideal for highly efficient 
pluripotent reprogramming, if we wish to derive pa-
tient-specific iPSC lines from human patients, our choice of 
starting cell type must be predicated on what cell types we 
can routinely explant from such patients. For example, 
though neural stem cells reprogram with extremely high effi-
ciency, it would be infeasible to routinely explant neural stem 
cells from human patients. To this end, a recent breakthrough 
has been the induction of human iPSCs from human mobi-
lized CD34+ peripheral blood cells (Loh et al., 2009). Our 
capability to attain iPSCs from hematopoietic cells enables 
the production of patient-specific iPSCs from blood samples 
taken from such patients.  

Enhancing reprogramming efficiency by alternative  
factors 

The efficiency of pluripotential reprogramming can be en-
hanced by the inclusion of various other factors besides pluri-
potent transcription factors. These alternative factors, including 
microRNAs and chemical compounds, either safeguard the 
pluripotential identity of ES cells (and thus are likely to impose 
pluripotency within a differentiated cell) or else play more spe-
cific roles in facilitating the reprogramming process but not 
maintaining pluripotency after it is established (Table 4). 

 
Table 3  The choice of cell type for iPSCs 

Species  Cell types Efficiency Reference 
Mouse Embryonic fibroblast and adult tail fibroblast 

Adult mouse hepatocytes and gastric epithelial cells 
Pancreatic β-cells 
Meningiocytes  
Mature B-lymphocytes 
Neural stem cells 
Hematopoietic stem cells 

0.01%–0.05% 
 
0.1%–0.2% 
0.5%–0.8% 
3% 
3.6% 
28% 

Takahashi and Yamanaka, 2006 
Aoi et al., 2008 
Stadtfeld et al., 2008a 
Qin et al., 2008  
Hanna et al., 2008 
Kim et al., 2008; Eminli et al., 2009 

Human IMR90 fetal fibroblasts; mesenchymal and myeloid cells from hu-
man OCT4 knock-in H1 ES cells 
Dermal fibroblasts and BJ cells 
CD34+ mobilized human peripheral blood cells 
Fetal, neonatal and adult fibroblasts  
Primary keratinocytes from plucked hair 

0.01%–0.05% 
 
0.02%–0.05% 
0.01%–0.02% 
0.1% 
0.36% 

Yu et al., 2007 
 
Takahashi et al., 2007 
Lowry et al., 2008 
Loh et al., 2009 
Park et al., 2008; Aasen et al., 2008 

Monkey Adult rhesus monkey fibroblasts <0.01% Liu et al., 2008 

Rat Rat fibroblast <0.01% Li et al., 2009b; Liao et al., 2009 
Pig Pig fibroblast 

Mesenchymal cells 
<0.01% Esteban et al., 2009; Ezashi et al., 

2009; Wu et al., 2009; West et al., 2010
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Table 4  Factors used to enhance direct reprogramming efficiency 
Factors Comments References 

Mir-302 mir-302, which is expressed abundantly in human ESCs, is able to 
convert human cancer cells into an ES-like pluripotent state, also 
maintain this state under a feeder-free cultural condition 

Lin et al., 2008 

Mir-291-3p; 
Mir-294, 295 

The miRNAs increase the efficiency of reprogramming by Oct4, Sox2 
and Klf4, but not by these factors plus cMyc; induce a homogeneous 
population of iPS cell colonies comparing with cMyc 

Judson et al., 2009 

MicroRNAs 

Inhibition of the 
let-7 family 

let-7 miRNAs highly expressed in somatic cells—can suppress 
self-renewal in Dgcr8-/- but not wild-type ESCs , let-7 inhibits whereas 
ESCC miRNAs indirectly activate numerous self-renewal genes and 
inhibition of the let-7 family promotes de-differentiation of somatic cells 
to induced pluripotent stem cells 

Melton et al., 2010 

2i,CHIR99021+ 
PD0325901 

Dual inhibition of MEK and GSK3, together with LIF, promote ground 
state pluripotentcy in OK pre-iPSCs in mouse neural stem cells 

Silva et al., 2008 

BIX-01294  G9a histone methyltransferase inhibitor, can replace sox2 in mouse 
fibroblast reprogramming and can enhance efficiency of reprogramming 
and replace sox2 in neural stem cells 

Shi et al., 2008a, 2008b

BayK8644 L-type calcium channel agonist, BIX-01294 and BayK8644combination 
with factors OK enhance reprogramming efficiency 

Shi et al., 2008a 

RG108 DNA methyltransferase inhibitors, BIX-01294 and RG108 combination with 
factors OK enhance reprogramming efficiency 30 times more than OK 

Shi et al., 2008a 

5′-azaC DNA methyltransferase inhibitor, increase efficiency and full repro-
gramming 

Huangfu et al., 2008a 

Dexamethasone Steroid glucocorticoid, enhance the effect of 5′-azacytidine Huangfu et al., 2008a 

VPA Histone deacetylase inhibitor, increase efficiency by more than 100-fold 
and replace Klf4 and Myc 

Huangfu et al., 2008a, 
2008b 

TSA Histone deacetylase inhibitor, increase reprogramming efficiency in 
nuclear transfer and iPSCs 

Kishigami et al., 2006; 
Huangfu et al., 2008a 

SAHA Histone deacetylase inhibitor Huangfu et al., 2008a 

A-83-01 TGF-β inhibitor, together with LIF and 2i to maintain mESC like rat and 
human iPSCs 

Li et al., 2009b 

Chemicals  

Vitamin C Vitamin C enhances the reprogramming efficiency of mouse and human 
fibroblasts transduced with three OSK or four OSKM factors and vitamin 
C can alleviate cell senescence by p53 repression and may accelerate 
reprogramming by synergizing with epigenetic regulators. 

Esteban et al., 2010; 
Shi et al., 2010 

Wnt  Cyclic activation of Wnt/beta-catenin signaling in ESCs with Wnt3a 
strikingly enhances the ability of ESCs to reprogram somatic cells after 
fusion; Wnt3a conditioned medium promoted the reprogramming 
OSK-MEFs by 20 fold 

Lluis et al., 2008; 
Marson et al., 2008 

P53 OSKM together with p53 siRNA+UTF1 increase the efficiency of highly 
AP-positive colony by more than 200 times compared with just using 
OSKM; The suppression of p53 also increased the efficiency of mouse 
and human iPS cell generation; In murine cells, Arf, rather than Ink4a, is 
the main barrier to reprogramming by activation of p53 and p21, 
whereas, in human fibroblasts, INK4a is more important than ARF. 

Zhao et al., 2008; Hong 
et al., 2009; Kawamura 
et al., 2009; Li et al., 
2009a; Marion et al., 
2009; Utikal et al., 2009

Signaling pathway 

TGF-β Inhibition of TGF-β signaling promotes the completion of reprogram-
ming through induction of the transcription factor Nanog. Any one of 
TGF-β inhibitor E-616452 (“RepSox”) or E-616451 can replace Sox2 

Ichida et al., 2009 

 
 
 

Reprogramming is the iterative replacement of the original 
transcriptional program present within the differentiated 
starting cell with the program present within a pluripotential 
cell: a key step is the silencing of the molecular program of 

the donor cell. microRNAs are small non-coding RNAs, each 
of which binds and suppresses hundreds of specific mRNAs, 
thus drastically altering the transcriptome and molecular con-
stitution of a cell (Melton et al., 2010). Thus, microRNAs are 
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attractive candidates for factors that can silence the active 
transcriptional program of the starting cell, thus facilitating 
reprogramming and establishment of a novel program. To 
this end, microRNAs expressed within ES cells that possibly 
suppress differentiation programs have emerged as possible 
enhancers of reprogramming. Indeed, several ES-expressed 
microRNAs, such as miR-291-3p, miR-294, miR-295, and 
miR-302, are capable of enhancing reprogramming efficiency 
when overexpressed (Lin et al., 2008; Judson et al., 2009; 
Melton et al., 2010) (Table 4). 

A variety of chemical compounds have also been found to 
enhance reprogramming efficiency or even to replace specific 
reprogramming transcription factors. These chemical com-
pounds include a DNA methyltransferase inhibitor, histone 
deacetylase inhibitors, a histone methyltransferase inhibitor, 
a MAPK/ERK inhibitor, a GSK3 inhibitor, a calcium channel 
agonist, a steroid glucocorticoid, and Vitamin C (Table 4).  

Usage of these chemical compounds to potentiate repro-
gramming is particularly appealing given their ease of use 
and the fact that they guaranteedly do not introduce any ge-
netic modifications, as do any reprogramming methods that 
involve delivery of genetic factors. Nevertheless, from a 
mechanistic perspective, it is currently unknown whether 
small molecules alone can recapitulate the series of tran-
scriptional and epigenetic changes brought about by the re-
programming transcription factors, thus making it uncertain if 
one day it will be possible to reprogram differentiated cells 
solely by a cocktail of chemical compounds. Furthermore, an 
important caveat to the usage of chemical compounds that 
are epigenetic modifiers is that their broad and nonspecific 
effects may elicit an overall dysregulation of gene expression 
(Maherali and Hochedlinger, 2008; Feng et al., 2009b).  

Extracellular signaling pathways such as the Wnt pathway 
and the TGF-β pathway have also been shown to have a role 
in reprogramming; specifically, activation of Wnt/β-catenin 
signaling likely enhances reprogramming efficiency, whereas 
inhibition of TGF-β signaling also enhances reprogramming 
efficiency and can also replace the reprogramming factor 
Sox2 (Marson et al., 2008; Ichida et al., 2009). Although the 
mechanistic role by which TGF-β inhibition facilitates repro-
gramming has remained a topic of debate, the broadly con-
served role of Wnt signaling in maintaining human ES cells, 
mouse ES cells, and a variety of adult stem cells suggests 
that Wnt activation during reprogramming may directly acti-
vate various pluripotency genes (Miyabayashi et al., 2007). 

Another recent major factor that has emerged is the tumor 
suppressor p53. Five recent publications in Nature have 
shown that suppression of the p53 pathway leads to a 
marked improvement in the efficiency and kinetics of human 
and mouse cell reprogramming (Hong et al., 2009; 
Kawamura et al., 2009; Li et al., 2009a; Marion et al., 2009; 
Utikal et al., 2009). Given that p53 is a stress response pro-
tein capable of effecting apoptosis or senescence, sup-
pressing p53 overcomes such barriers, likely explaining the 

enhanced reprogramming efficiency observed after p53 sup-
pression. Nevertheless, it is important to note that p53 ge-
netic deletion leads to the generation of iPSCs with uniformly 
increased genomic damage (given the role of p53 in safe-
guarding genomic stability)(Krizhanovsky and Lowe, 2009); 
thus its permanent inactivation is undesirable in the produc-
tion of iPSCs for therapeutic means. 

IMPROVING THE QUALITY OF iPS CELLS 

Although many reprogramming agents, including transcrip-
tion factors, chemical compounds, microRNAs and signaling 
pathway modulators, have been identified to facilitate or po-
tentiate pluripotent reprogramming, very few studies have 
carefully examined the quality of iPSCs. Although iPSCs 
have a distinct morphology and express molecular markers 
similar to ESCs, their capacity for multilineage differentiation 
after embryo complementation is extremely varied (Wernig et 
al., 2007; Shi et al., 2008a; Feng et al., 2009a). During re-
programming to pluripotency, there were the events of copy 
number variation, mutations of protein-coding regions, karo-
typic abnormalities and aberrant slicing of imprinting genes in 
iPS cells (Stadtfeld et al., 2010; Gore et al., 2011; Hussein et 
al., 2011). This has led to cogent allegations that many iPSC 
lines indeed are not authentic pluripotent stem cell lines. 

In mouse, iPS cells with good quality can pass germline 
transmission and can produce fully iPSCs mice by tetraploid 
complement. The germline contribution and the ability of 
producing iPSCs mice can be as standards to examine the 
iPSCs quality. We generated panels of different iPSC lines by 
different combinations of reprogramming factors and as-
sessed whether inclusion of particular factors could lead to a 
uniform increase in the “quality” of iPSC lines. To this end, we 
found that overexpression of the pluripotency-associated 
transcription factor Tbx3 in combination with Oct4, Sox2, and 
Klf4 (“OSKT”) led to iPSC lines with enhanced contribution to 
chimeras and enhanced germline contribution as compared 
to traditional OSK-derived iPSC lines (Han et al., 2010). Thus, 
inclusion of Tbx3 leads to a significant increase in the “qual-
ity” of mouse iPSC lines. 

What is the molecular mechanism by which Tbx3 effects a 
uniform improvement in the pluripotential characteristics of 
iPSC lines? Through genome-wide chromatin immunopre-
cipitation-sequencing (chIP-seq) analysis of Tbx3-binding 
sites, we found that in ES cells, Tbx3 bound the important ES 
genes Oct4, Sox2, Sall4, Lefty1, Lefty2, and Zfp42, as well as 
the reprogramming factors Klf2, Klf4, Klf5, c-Myc, and n-Myc. 
However, it remains to be determined whether or not over-
expression of Tbx3 during reprogramming actually leads to 
upregulation of these pluripotency genes (thus increasing 
iPSC “quality”). Tbx3 is a member of a family of transcription 
factors that share a highly conserved DNA-binding domain 
known as the T-domain. Tbx3 is necessary for safeguarding 
the pluripotency of mouse ES cells, as its knockdown elicits 
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differentiation (Ivanova et al., 2006). It appears to have plei-
otrophic roles, as it is also required for mammary bud devel-
opment and limb development (Carlson et al., 2002; Esteban 
et al., 2009; Graf et al., 2009; Maekawa et al., 2011). Fur-
thermore, overexpression of Tbx3 in conjunction with Myc or 
oncogenic Ras leads to the efficient oncogenic transformation 
of mouse fibroblasts; it appears that Tbx3’s role in oncogenic 
cooperation is to inhibit the induction of p53 and p19ARF that is 
typically triggered by Myc and Ras (Carlson et al., 2002).  

Maekawa et al. found that Glis1 markedly enhances the 
generation of iPSCs from both mouse and human fibroblasts 
when it is expressed together with OSK. Even more impor-
tantly, this four transcription factors generated mouse iPSCs 
can form germline-competent chimaeras (Maekawa et al., 
2011). To undertake further research of the mechanism, they 
found Glis1 promotes multiple pro-reprogramming pathways, 
including Myc, Nanog, Lin28, Wnt, Essrb and the mesen-
chymal–epithelial transition, to promote the direct repro-
gramming of somatic cells during iPSC generation. In addi-
tion, Vitamin C was found to improve the quality of iPS cells 
by regulation of the Jhdm 1a/1b pathways (Esteban and Pei, 
2012). 

FUTURE DIRECTIONS 

Pluripotential reprogramming by transcription factor overex-
pression presents an ideal method to generate pluripotent 
stem cell lines bereft of embryonic tissue. Furthermore, the 
generation of patient-specific iPSC lines enables autologous 
cell replacement therapies for human patients, as well as 

opportunities to generate novel in vitro models of human 
genetic diseases. Here, we have highlighted two important 
issues that must be circumvented prior to the widespread 
therapeutic employment of iPSC technology: namely, the 
inefficiency of iPSC generation and the inconsistent pluripo-
tent characteristics of many iPSC lines.  

Through pluripotential reprogramming may be efficiently 
achieved through a variety of technical methods, such as 
method of reprogramming factor delivery, choice of starting 
cell type, and inclusion of additional genetic factors or 
chemical compounds, the latter issue—that of iPSC qual-
ity—presently remains inadequately addressed. Methods to 
routinely assess the “quality” of generated iPSC lines remain 
to be developed as well as factor combinations that lead to a 
uniform increase in the proportion of authentically pluripotent 
iPSC lines that are generated.  

A defined cadre of transcription factors and epigenetic 
regulators confer ES cells with their authentic pluripotent 
condition—we are attaining an increasingly detailed un-
derstanding of which nuclear factors safeguard ES cell 
pluripotency and the mechanisms by which they act to 
maintain pluripotency. The authentic pluripotency of ES 
cells should be recreatable within iPSCs by the expression 
of all nuclear factors that confer ES cells with their own 
genuine pluripotency. We intuit that a rational strategy to 
uniformly enhance iPSC quality will involve increasing 
molecular definition of the factors that underlay ES cell 
pluripotency combined with the inclusion of such ES cell 
nuclear factors within the cocktail of factors used to re-
program differentiated cells (Fig. 1).  

 
 

 
 

Figure 1.  Exploration of the mechanisms for reprogramming different cell type to unitive high quality iPSCs. Different 
strategies and factors affect the generating efficiency and quality of iPSCs have been identified and there are still lots of unknown 
for the mechanisms, which is the key thing we should focus on before the clinic application in future (Graf and Enver, 2009). 
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