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1. Introduction

Pluripotent stem cells have the ability to differentiate into cells of the three primary germ
layer lineages, ectoderm, mesoderm and endoderm. The most studied type of pluripotent
stem cells are embryonic stem cells (ESC), cells derived from the inner cell mass of embryos
at the blastocyst stage of development (Evans and Kaufman, 1981; Martin, 1981; Thomson et
al., 1998). The pluripotent property of human embryonic stem cells (hESC) makes them
useful for the development of cellular therapies to replace diseased or degenerated cells in
the body. Moreover, hESC also possess the ability to propagate indefinitely in vitro while
maintaining a normal karyotype, and thus can provide an unlimited source of cells for the
development of cell replacement therapies (Pera et al., 2000). However, one of the major
hurdles in hESC research has been the ethical implications of using stem cells derived from
embryos. Furthermore, generation of patient-specific stem cell lines may overcome some of
the issues associated with immuno-compatibility in cell replacement therapy.

The breakthrough studies conducted by Shinya Yamanaka’s group demonstrated direct
reprogramming of mouse or human fibroblasts back to pluripotent cells, creating so-called
induced pluripotent stem cells (iPSC) (Takahashi et al., 2007; Takahashi and Yamanaka,
2006). Studies of iPSC revolutionized stem cell research by creating a more reproducible
method to generate sufficient amounts of patient-specific pluripotent cells and bypassing
the ethical implications surrounding research utilizing human embryos. iPSC also provide
an alternative approach to generate disease-specific lines for mechanistic studies in disease
modeling, as well as high throughput screening for drug discovery or toxicology studies
(Amabile and Meissner, 2009). As the area of iPSC research is rapidly evolving, this review
aims to summarize and discuss the current techniques used for the generation of iPSC.

2. Reprogramming factors used in generation of induced pluripotent stem
cells (iPSC)

The initial derivation of iPSC by Shinya Yamanaka’s group was achieved by overexpressing
four transcription factors first in mouse and then human fibroblasts, namely Octamer-
binding transcription factor 4 (Oct4), Sex-determining region Y HMG box 2 (Sox2), Krtippel-
like factor 4 (KlIf4) and v-myc myelocytomatosis viral oncogene homolog (c-Myc), often
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referred to as the “Yamanaka factors’ (Takahashi et al., 2007; Takahashi and Yamanaka,
2006). Alternatively, a study from James Thomson's lab identified a different combination of
factors for the generation of human iPSC, using Oct4, Sox2, Nanog and Lin28 (Yu et al.,
2007). Subsequent reports from many labs have contributed to a growing list of
reprogramming factors used for iPSC generation, including Estrogen-related receptor beta
(Esrrb), Sal-like 4 (Sall4), microRNAs (miRNA), simian virus 40 large-T (SV40LT) antigen
and human telomerase reverse transcriptase (hTERT). This section will provide a
background of our understanding of these reprogramming factors in regulating the cell fate
of pluripotent stem cells and discuss their role during direct somatic cell reprogramming,.
Other strategies to enhance reprogramming efficiency will also be discussed, such as
supplementation with small molecules as well as knockdown of p53, p21 and p16.

2.1 Oct4

Oct4 was one of the first transcription factors identified to be a master regulator of cellular
pluripotency (Okamoto et al., 1990; Rosner et al., 1990; Scholer et al., 1989). During mouse
development in vivo, Oct4 expression is restricted to the inner cell mass, primitive ectoderm
and primordial germ cells (Pesce and Scholer, 2001). Similarly in vitro, ESC and embryonal
carcinoma cells (ECC) have high expression of Oct4, which is reduced upon their
differentiation (Assou et al., 2007; Rosner et al., 1990).

Although expression of Oct4 is fundamental for the maintenance of pluripotency and
development of the inner cell mass in mice (Nichols et al., 1998), complex regulation of its
precise level is required to prevent cells from differentiating into other lineages. A transient
increase in endogenous Oct4 levels has been observed upon mesodermal differentiation of
mouse embryonic stem cells (mESC) (Zeineddine et al., 2006). Furthermore in various over-
expression studies, an increase in Oct4 expression can cause mESC to differentiate into
endoderm, mesoderm and neuroectoderm lineages (Niwa et al., 2000; Shimozaki et al., 2003;
Zeineddine et al., 2006). On the other hand, repression of Oct4 levels results in a loss of
pluripotency and promotes trophectodermal differentiation in mESC and hESC (Matin et al.,
2004; Niwa et al., 2000). Consistent with these studies, Oct4 has been shown to directly
inhibit the expression of major trophectoderm differentiation regulators such as caudal type
homeobox 2 (Cdx2) and Eomesdermin (Eomes) (Liu et al., 1997; Liu and Roberts, 1996; Niwa
et al., 2005). Together these studies highlight the significance of the critical range of Oct4
level required to maintain ESC pluripotency (Niwa et al., 2000).

As a master regulator of pluripotency, Oct4 was one of the original four factors utilized by
Yamanaka and colleagues in the generation of iPSC in both mouse and human (Takahashi et
al., 2007; Takahashi and Yamanaka, 2006). As seen in Oct4 over-expression and down-
regulation experiments in ESC, the precise level of Oct4 in combination with other
reprogramming factors is also essential for efficient generation of iPSC (Papapetrou et al.,
2009). Using bicistronic vectors, Papapetrou et al. (2009) showed that a 3-fold higher
expression of Oct4 compared to Sox2, Klf4 and c-Myc enhanced iPSC generation
(Papapetrou et al., 2009). Interestingly, overexpression of Oct4 alone was sufficient to induce
reprogramming in neural stem cells that already express high endogenous level of Sox2, c-
Myc and Klf4 (Kim et al., 2009b; Kim et al., 2009c). To date, most protocols for generation of
iPSC require ectopic expression of Oct4, underlying the important role of Oct4 during direct
somatic cell reprogramming (Feng et al., 2009b). Recently, Heng et al. (2010) demonstrated
that an orphan nuclear receptor Nr5a2 can functionally replace Oct4 in the generation of
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mouse iPSC (Heng et al., 2010). However, the precise role of Nr5a2 in regulating cell fate in
pluripotent stem cells remains unclear. Further research is also needed to confirm the ability
of Nr5a2 to replace Oct4 in human iPSC generation.

2.2 Sox2

Sox2 is an important transcription factor in pluripotent stem cells as well as precursor cells
of the neural compartment. It is expressed in the inner cell mass, epiblast and
extraembryonic ectodermal cells during mouse embryo development (Avilion et al., 2003;
Miyagi et al., 2004). Unlike Oct4, Sox2 expression is maintained in neural stem cells (Ellis et
al., 2004; Graham et al., 2003) and over-expression of Sox2 favors neural differentiation in
mESC (Kopp et al., 2008; Zhao et al., 2004). Sox2 is known to interact with several binding
partners, including Oct4 in the maintenance of pluripotency (Yuan et al., 1995). In a genome-
wide chromatin immunoprecipitation study in hESC, Sox2 and Oct4 were found to share
many target genes, many of which are transcription factors important in development
(Boyer et al., 2005).

Importantly, Sox2 was shown to be indispensable for maintaining pluripotency. Sox2
knockout mouse embryos are unable to form an epiblast and fail to develop past the
implantation stage (Avilion et al., 2003). Down-regulation of Sox2 in mESC and hESC results
in loss of pluripotency and differentiation towards the trophectoderm cell lineage (Adachi et
al., 2010; Fong et al., 2008; Li et al., 2007; Masui et al., 2007). Somewhat surprising was the
finding that expression of many Sox2 target genes were not affected by the loss of Sox2
(Masui et al., 2007). The authors in this study suggested potential compensation of Sox2
function by other members of the Sox family. Consistent with this idea, Nakagawa et al.
(2008) demonstrated that Sox1, Sox3, Sox15 and Sox18 have the ability to replace Sox2 to
some extent in iPSC generation (Nakagawa et al., 2008). To date, Sox2 and Oct4 remain to be
the two fundamental reprogramming factors and are widely used in various protocols to
generate iPSC. Similar to Oct4, it should be noted that ectopic expression of Sox2 can be
omitted in the generation of iPSC, if the starting cell type expresses substantial levels of Sox2
(Utikal et al., 2009a).

2.3 Nanog

Nanog is a homeodomain protein that is widely considered as a master regulator for stem
cell pluripotency (Chambers et al., 2003; Mitsui et al., 2003). Nanog expression is restricted
to the inner cell mass, epiblast and primordial germ cells in the early embryo, as well as a
number of pluripotent cells lines such as ESC, ECC and embryonic germ cells (Chambers et
al., 2003). During embryo development, Nanog plays a role in suppressing Cdx2, a master
regulator of trophectoderm differentiation, and in turn suppression of Cdx2 specifies the
inner cell mass fate (Chen et al., 2009). Moreover, Nanog can also physically interact with
Oct4 (Wang et al.,, 2006) and cooperates extensively with Oct4 and Sox2 to form an
autoregulated core-transcriptional network that maintain stem cell pluripotency (Boyer et
al., 2005; Chen et al., 2008; Kim et al., 2008).

Unlike Oct4 or Sox2, sustained expression of Nanog renders mESC and hESC resistant to
differentiation (Chambers et al., 2003; Darr et al., 2006; Ivanova et al., 2006). However in the
absence of Oct4, Nanog alone is not sufficient to maintain mESC self-renewal, suggesting
that Nanog plays a subservient role in maintaining self-renewal (Chambers et al., 2003). This
is also supported by evidence from Nanog knockdown studies. Although early studies

www.intechopen.com



376 Embryonic Stem Cells — Differentiation and Pluripotent Alternatives

suggested that a reduction of Nanog resulted in differentiation of mESC and hESC (Fong et
al., 2008; Hyslop et al., 2005; Ivanova et al., 2006; Mitsui et al., 2003), it was later discovered
that transient down-regulation of Nanog can be reversible and does not necessarily mark
commitment to differentiation (Chambers et al., 2007). In this respect, mESC can remain
undifferentiated in the absence of Nanog, but are more prone to differentiation (Chambers
et al., 2007).

Given the important role of Nanog in establishing cell pluripotency, it was somewhat
surprising that the initial derivation of iPSC could be achieved without the ectopic
expression of Nanog (Takahashi et al., 2007; Takahashi and Yamanaka, 2006). However,
Nanog has proved to be a valuable marker for identification of fully reprogrammed iPSC
that are germline competent (Maherali et al., 2007; Okita et al., 2007; Wernig et al., 2007).
Furthermore, ectopic expression of Nanog in combination with Oct4, Sox2, KIf4 and c-Myc
seems to accelerate the reprogramming kinetics of somatic cells to iPSC, but has no effect on
the overall reprogramming efficiency (Hanna et al., 2009).

2.4 Kif4

Klf4 and its family members have emerged as important regulators for maintaining
pluripotency. Klf4 belongs to the Kriippel-like factor (KIf) family of zinc finger transcription
factors. Klf4 can act as an oncogene or a tumor suppressor gene depending on the
physiological context (McConnell et al., 2007; Rowland and Peeper, 2006). KlIf4 is usually
expressed in adult tissues that possess some degree of regenerative capability, including
intestine, gut, skin and testis (Nandan and Yang, 2009). Li et al. (2005) provided the first
evidence that KlIf4 plays a role in regulating stem cell pluripotency, by showing that
overexpression of Klf4 prevents differentiation of mESC into erythroid progenitors (Li et al.,
2005). In conjunction with Oct4, Sox2 and c-Myc, Klf4 was among the first factors to be used
to generate iPSC (Takahashi et al., 2007; Takahashi and Yamanaka, 2006). However, the
current view is that Klf4 acts only as a secondary factor to enhance somatic cell
reprogramming, as iPSC can be generated without Klf4 using a different combination of
reprogramming factors (Yu et al.,, 2007). Klf4 was later discovered to be an important
component of the core transcriptional network that regulates expression of Oct4, Sox2,
Nanog, Myc and also Klf4 itself (Chen et al., 2008; Kim et al., 2008). Furthermore, KlIf4 can
directly interact and cooperate with Oct4 and Sox2 to activate a subset of ESC specific genes,
including Nanog and Leftyl (Nakatake et al., 2006; Wei et al., 2009). KIf4 also acts to inhibit
apoptosis by suppressing p53 (Rowland et al., 2005), which helps to reprogram somatic cells
to a pluripotent state (See discussion below).

Importantly, other KIf family members including Klf1, KIf2 or Klf5, can substitute for KIf4 in
iPSC generation (Nakagawa et al., 2008), which suggests that functional redundancies exist
among the Klf family members in establishing cell pluripotency. This also explains the
observation that Klf4 knockdown in mESC exhibited no obvious phenotype (Jiang et al.,
2008; Nakatake et al., 2006), whereas triple knockdown of Klf2, KIf4 and Klf5 resulted in
rapid differentiation of mESC (Jiang et al., 2008). However, isoform-specific functions of Klf4
and KIf5 are also observed. Previous studies showed that KIf5 knockout mice result in
embryo lethality and defects in implantation (Ema et al., 2008), whereas Klf4 knockout mice
are normal during early embryo development but die soon after birth due to loss of skin
barrier function (Segre et al., 1999). Furthermore, Ema et al. (2008) demonstrated that
knocking out KIf5 in mESC results in spontaneous differentiation. Although introduction of
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KIf4 can rescue the spontaneous differentiation phenotype, proliferation is significantly
decreased (Ema et al., 2008). Further studies are needed to dissect the precise roles of
different KIf members in regulating cell pluripotency.

2.5Lin28

Lin28 encodes for a cytoplasmic RNA binding protein that acts as a translational enhancer
(Polesskaya et al., 2007). It was first identified as a heterochronic gene that regulates the
developmental timing pathway in Caenorhabditis elegans (Moss et al., 1997). A previous
transcriptome study has shown that Lin28 is a hESC-specific gene, suggesting that it may
play a role in regulating stem cell pluripotency (Richards et al., 2004). However, functional
studies of Lin28 in hESC and mESC yielded opposing results. In mESC, Lin28 knockdown
resulted in decreased cell proliferation while overexpression of Lin28 enhanced cell
proliferation (Xu et al., 2009a). In sharp contrast, Lin28 knockdown in hESC had no obvious
phenotype, whereas Lin28 overexpression reduced proliferation and promoted
extraembryonic endoderm differentiation (Darr and Benvenisty, 2009). Further studies are
clearly needed to elucidate whether Lin28 has a different role in maintenance of pluripotent
stem cells in mice and humans.

Lin28 was first used in combination with Nanog, Oct4 and Sox2 to generate human iPSC,
acting as an enhancer for somatic cell reprogramming much like KIf4 (Yu et al., 2007).
However, it remains unclear how Lin28 contributes to induction of pluripotency. It was
demonstrated that Lin28 can block the processing of let7 microRNA family members, a
group of pro-differentiation microRNA that also act as tumor suppressors (Melton et al.,
2010; Viswanathan et al., 2008). Members of the let7 microRNA family have been shown to
repress expression of oncogenes such as c-Myc and Ras. Hence, down-regulation of let7 by
Lin28 could increase cell proliferation and drive cellular transformation (Viswanathan et al.,
2009). Consistent with this idea, a recent study in mice demonstrated that Lin28 accelerates
reprogramming kinetics by enhancing cell proliferation (Hanna et al., 2009). Another
proposed mechanism of Lin28 action is that it can selectively regulate gene expression at a
post-transcriptional level, enhancing translation of anti-differentiation mRNAs while
degrading pro-differentiation mRNAs to maintain pluripotency. A previous study
demonstrated that Lin28 can reside in polysomal ribosome fractions, in which mRNAs are
translated (Balzer and Moss, 2007). Indeed, Lin28 has been shown to bind directly to Oct4
mRNA in hESC to facilitate translation via interaction with RNA helicase A (Qiu et al.,
2010). Lin28 can also reside in P-bodies, in which mRNAs are degraded (Balzer and Moss,
2007). Therefore, it remains speculative that Lin28 may be able to selectively degrade certain
pro-differentiation mRNA to support stem cell pluripotency. Further studies are needed to
confirm this hypothesis.

2.6 c-Myc

The basic helix-loop-helix/leucine zipper transcription factor c-Myc has a well documented
role in cellular transformation and tumor progression, by controlling cell cycle, apoptosis,
protein biosynthesis and metabolism (Kendall et al., 2006; Patel et al., 2004). c-Myc has been
shown to regulate its target genes through interactions with the transcription machinery, as
well as exerting epigenetic regulation via interactions with chromatin remodeling
complexes, DNA methyltransferases and histone modifying enzymes (Eilers and Eisenman,
2008). Subsequent studies also identified a critical role of c-Myc in mESC maintenance.
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Overexpression of c-Myc enables mESC to be resistant to differentiation, whereas expression
of a dominant negative form of c-Myc promotes differentiation (Cartwright et al., 2005).
However, a functional study of c-Myc in hESC yielded rather different results.
Overexpression of c-Myc drives hESC to apoptosis and differentiation into extraembryonic
endoderm and trophectoderm (Sumi et al., 2007).

c-Myc was identified as one of the four “Yamanaka factors’ initially used to generate both
mouse and human iPSC (Takahashi et al., 2007; Takahashi and Yamanaka, 2006). Other
reports have also shown that c-Myc can be substituted by two other related family members,
N-Myc and L-Myc, during somatic cell reprogramming (Blelloch et al., 2007; Nakagawa et
al., 2008). Subsequent studies demonstrated that somatic cell reprogramming can be
achieved without c-Myc, albeit with significantly reduced efficiency and slower kinetics
(Nakagawa et al., 2008; Wernig et al., 2008). Furthermore, reactivation of c-Myc has been
observed in iPSC following blastocyst incorporation, resulting in tumor formation in the
chimeric mice (Okita et al., 2007). This finding raises concerns about the safety of using iPSC
generated with c-Myc for clinical applications. Understanding the molecular mechanism of
c-Myc contributions during somatic cell reprogramming may help identify alternative
enhancers for iPSC generation that are less tumorigenic.

Recent studies have shed light on the function of c-Myc during somatic cell reprogramming.
Genome-wide analysis of promoter binding demonstrated that c-Myc regulates a different
set of target genes compared to other pluripotency factors Oct4, Sox2 and Klf4 in mESC and
iPSC (Chen et al., 2008; Kim et al., 2008; Sridharan et al., 2009). This suggests that c-Myc may
have a very different function than the other transcription factors associated with induction
of pluripotency. One proposed function is that c-Myc acts to repress expression of somatic
genes during the early reprogramming stage, a process that is necessary before the
activation of pluripotency gene networks (Sridharan et al., 2009). Another proposed
mechanism of action of c-Myc is that it may induce a cell cycle program that is necessary for
self-renewal of stem cells, activating genes which promote proliferation (i.e. cyclin A, cyclin
E or E2F) and repressing genes associated with growth arrest (i.e. p21, p27) (Vermeulen et
al., 2003). Finally, c-Myc may exert epigenetic control by modifying the chromatin structure
to become suitable for activation of the self-renewal gene program, thus allowing somatic
cells to revert back to a pluripotent state (Knoepfler et al., 2006).

2.7 Esrrb

Esrrb belongs to a subfamily of orphan nuclear receptors that are closely related to estrogen
receptors  (Giguere, 2002). The natural ligands for Esrrb are currently unknown.
Nevertheless, Esrrb and its family members can bind to DNA and function as
transcriptional activators without exogenous ligands (Giguere, 2002). Most of our
knowledge of the role of Esrrb in regulating self-renewal comes from studies in mice.
Overexpression of Esrrb is sufficient to maintain self-renewal of mESC in conditions that
favour differentiation, possibly by maintaining the level of Oct4 expression (Zhang et al.,
2008). Also, knockdown of Esrrb level in mESC induces differentiation (Ivanova et al., 2006;
Loh et al., 2006). These results identify Esrrb as a positive regulator of ESC pluripotency.
Indeed, Esrrb has been used as a factor to reprogram somatic cells back to a pluripotent
state. In the presence of Oct4 and Sox2, Feng et al. (2009) demonstrated that Esrrb could
replace KlIf4 as an enhancer to reprogram mouse fibroblasts into iPSC, albeit with lower
reprogramming efficiency (Feng et al., 2009a). Furthermore, another family member Esrrg
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also possesses a similar reprogramming ability when used in conjunction with Oct4 and
Sox2 (Feng et al., 2009a). Genome-wide analysis of promoter binding suggested that Essrb
shares many target genes with Oct4 and Sox2. Further studies demonstrated that Esrrb is a
binding partner for Oct4 and Nanog in mESC (van den Berg et al., 2010; Wang et al., 2006),
but whether it physically interacts with Sox2 remains to be determined. In summary, Esrrb
was found to have a partially overlapping role with Klf4 in enhancing somatic cell
reprogramming in mice, by cooperating with other pluripotency factors Oct4 and Nanog. To
date, it has not yet been determined whether Esrrb plays a similar role in human cells.

2.8 Sall4

Sall4 belongs to the family of Spalt transcription factors that are characterized by highly
conservative C2H2 zinc-finger domains (Sweetman and Munsterberg, 2006). Mutations of
Sall4 in humans results in Okihiro syndrome, a disease characterized by limb deformities
and eye movement deficits (Kohlhase et al., 2002). Sall4 is highly enriched in ESC, and is one
of the ‘embryonic cell associated transcripts’ identified by Shinya Yamanaka’s group. A
previous study indicated that knockdown of Sall4 promoted mESC differentiation, most
notably into the trophectoderm lineage (Zhang et al., 2006). However, follow-up reports
showed that Sall4-null mESC are able to remain pluripotent, albeit with impaired
proliferation (Tsubooka et al., 2009; Yuri et al.,, 2009). A study by Yuri et al. (2009) also
demonstrated high expression of trophectoderm markers in Sall4-null mESC (Yuri et al,,
2009). These results suggest that Sall4 is not essential to maintain pluripotency in mESC, but
rather functions to stabilize the stem cell phenotype by promoting proliferation and possibly
repressing trophectoderm differentiation. Furthermore, it is becoming clear that Sall4 is an
integral part of the autoregulatory transcriptional network of Oct4, Sox2 and Nanog in
mESC (Lim et al., 2008; Yang et al., 2008). These results suggest Sall4 is a possible candidate
reprogramming factor for induced pluripotency.

Recently, Wong et al. (2008) discovered that Sall4 can enhance the efficiency of
reprogramming mouse fibroblasts through fusion with mESC (Wong et al., 2008). Sall4 also
increases the reprogramming efficiency of mouse fibroblasts when used in combination with
Oct4, Sox2 and Klf4 (Tsubooka et al., 2009). However, this enhancing effect of Sall4 in
reprogramming is inconsistent in different human fibroblast cell types, possibly due to
variations in endogenous levels of Sall4 in different samples (Tsubooka et al., 2009). Further
studies of Sall4 in human pluripotent stem cells will clarify whether the role of Sall4 in
regulating cell pluripotency is conserved between mouse and human.

2.9 miRNA

miRNA are small RNAs that provide post-transcriptional control of gene regulation. Once
transcribed, primary miRNA undergo multiple processing steps to become mature miRNA
that promote degradation or repress translation of target mRNA (Siomi and Siomi, 2010). A
previous report provided evidence that miRNA play an important role in the inter-
connected transcriptional network regulated by pluripotency factors Oct4, Sox2 and Nanog
in mESC (Marson et al., 2008). The pluripotency factors Oct4, Sox2 and Nanog are able to
bind and regulate expression of specific miRNA, activating ESC specific miRNA while
repressing those associated with differentiation (Barroso-delJesus et al., 2008; Marson et al.,
2008). It is believed that miRNA serve as a mechanism for Oct4, Sox2 and Nanog to fine-
tune the expression level of their target genes.
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Recently, Robert Blelloch’s group described a subset of miRNA that play an important role
in regulating the cell cycle of mESC, termed ESC-specific cell cycle regulatory miRNA
(ESCC miRNA) (Wang et al., 2008b). These ESCC miRNA promote G1 to S transition in
mESC by repressing expression of various cyclin E-Cdk2 inhibitors (Wang et al., 2008b). In a
follow-up study, the same group demonstrated that ESCC miRNA, in particular mir-291-3p,
mir-294 and mir-295, are able to enhance reprogramming efficiency when used in
combination with Oct4, Sox2 and Klf4. These ESCC miRNA are found to be downstream
effectors of c-Myc, and thus are able to act as substitutes for c-Myc albeit to a lesser extent
(Judson et al., 2009). Another set of ESCC miRNA, the mir-302 cluster, is able to reprogram
human melanoma and prostate cancer cells to ESC-like cells in the absence of any other
reprogramming factors (Lin et al., 2008). However, it remains unclear whether miRNA on
their own can reprogram normal human primary cells to obtain genuine iPSC, as the
effectiveness of miRNA-based reprogramming strategies may be cell-type dependent.
Alternatively, others have shown that suppression of pro-differentiation let-7 miRNA can
also enhance reprogramming efficiency in mouse fibroblasts when used in combination with
the Yamanaka factors (Melton et al., 2010). This result is consistent with the previous
identification of Lin28 as a reprogramming factor for iPSC generation, which presumably
acts by blocking the processing of the let-7 family of miRNA (see discussion above).
Together, these results demonstrate opposing roles played by different miRNA in somatic
cell reprogramming and identify miRNA as important regulators of cell pluripotency.
Future research to screen for reprogramming effects of other miRNA members will prove
helpful in deriving a more efficient somatic cell reprogramming method. For instance, a
recent report showed that miRNA-145 can regulate expression of Oct4, Sox2 and Klf4 and
represses pluripotency in hESC (Xu et al., 2009b). Therefore, it will be interesting to see
whether miRNA-145 can contribute to somatic cell reprogramming.

2.10 SV40 LT antigen and hTERT

The SV40LT antigen and the catalytic subunit of hTERT are well documented for their roles
in establishing immortalized cells. Overexpression of SV40LT and hTERT along with
another oncogene Ras are sufficient to confer tumorigenic transformation of normal human
cells (Hahn et al, 1999). One proposed mechanism by which SV40 functions in
tumorigenesis is by perturbing cellular senescence pathways through suppression of p53
activity. As discussed below, reduced p53 activity during reprogramming has been shown
to improve the efficiency. On the other hand, reduction in telomere length during the
normal aging process results in replicative senescence and limits the cellular lifespan of
human cells. Studies have shown that this can be prevented by ectopic expression of hTERT
to drive cellular immortalization (Bodnar et al., 1998). High telomerase activity is observed
in the vast majority of tumors and is vital for the progression of malignant tumor cells (Kim
et al., 1994). Interestingly, a previous study has also shown that c-Myc overexpression can
activate hTERT activity (Wu et al., 1999). Therefore, SV40LT and hTERT may be able to
contribute to somatic cell reprogramming by activating a cell cycle program that is required
for pluripotent cells, much like the role of c-Myc in induced pluripotency.

Two recent studies sought to enhance the efficiency of generating human iPSC by
supplementing reprogramming factors with hTERT and/or SV40LT (Mali et al., 2008; Park
et al, 2008). In the study by Mali et al. (2008), the reprogramming cocktails were
supplemented with the SV40LT transgene and resulted in accelerated reprogramming
kinetics and up to a 70-fold increase in reprogramming efficiency, depending on the
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combination of reprogramming factors used (Mali et al., 2008). Similar results were obtained
by Park et al. (2008) when hTERT and SV40LT were included in their reprogramming
strategy (Park et al., 2008). Interestingly, while the addition of both SV40LT and hTERT was
reported to increase cell proliferation, there were no viral integrations of either transgene in
the genomes of the iPSC derived by this method (Park et al., 2008). This suggests that
SV40LT and hTERT might be acting indirectly on supportive cells to enhance
reprogramming. However, concerns remain about the safety of using SV40LT and hTERT in
somatic cell reprogramming for clinical purposes. In this regard, future research studying
whether iPSC generated using these two factors are more tumorigenic will help address this
issue.

2.11 Silencing of the p53/p21/p16 pathway

One of the major roadblocks in iPSC generation is overcoming cellular senescence. p53 is
known as the guardian of the genome and deregulation of p53 function promotes cell
immortalization and bypasses cell senescence (Bond et al, 1994). Recent discoveries
suggested that high-passage somatic cells with short telomeres show a dramatic decrease in
the efficiency for iPSC generation (Marion et al., 2009; Utikal et al., 2009b). In this regard,
bypassing cellular senescence may help improve the reprogramming efficiency of iPSC
generation.

Key studies have shown that knockdown of senescence factors like p53, p21€iP1 or p16INK4a
enhances the efficiency of generating iPSC (Banito et al., 2009; Hanna et al., 2009; Hong et al.,
2009; Kawamura et al., 2009; Marion et al., 2009). Furthermore, p53 knockdown can be used
to replace c-Myc and/or Klf4 in the Yamanaka factors (Hong et al., 2009; Kawamura et al.,
2009). When used in combination with UTF1, a chromatin bound factor highly expressed in
pluripotent stem cells, the addition of p53 further enhanced reprogramming efficiency by
100-fold when used with the Yamanaka factors (Zhao et al., 2008). Together these studies
show that the p53 pathway not only acts as a roadblock for cancer but also for iPSC
generation. As p53 is a major tumor suppressor, further studies will be required to evaluate
the safety of p53 knockdown in iPSC generation before these iPSC can be used in clinical
applications.

2.12 Small molecules used to enhance somatic cell reprogramming

It is becoming clear that reversion of somatic cells to a pluripotent state involves epigenetic
changes to chromatin that allow different sets of genes to be expressed (Feng et al., 2009b).
Several reports have investigated the use of small molecules to enhance current cellular
reprogramming methods towards developing a completely transgene-free strategy.
Huangfu et al. (2008) discovered that the addition of valproic acid (VPA), a histone
deacetylase (HDAC) inhibitor, can increase the efficiency and kinetics of reprogramming
(Huangfu et al., 2008a). Moreover, two other HDAC inhibitors, suberoylanilide hydroxamic
acid (SAHA) and trichostatin A (TSA), can also improve the reprogramming efficiency,
albeit to a lesser extent. This provides supporting evidence for the notion that chromatin
modifiers can help to overcome the epigenetic barrier to achieving complete
reprogramming. Furthermore, addition of VPA was also able to substitute for c-Myc and
KIf4 during reprogramming, thus reducing the number of reprogramming factors required
to derive iPSC (Huangfu et al, 2008b). Similar effects on enhancing reprogramming
efficiency were also observed with DNA methyltransferase inhibitors, including azacytidine
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(AZA) (Huangfu et al, 2008a) and RG108 (Shi et al.,, 2008a), as well as a histone
methyltransferase inhibitor, BIX-01294 (Shi et al., 2008b). In addition, a calcium channel
agonist, BayK864, was shown to enhance the effect of BIX-01294 and further improve the
efficiency of reprogramming (Shi et al., 2008a). However, it remains unclear whether or not
the enhancing effect of these small molecules is dependent on the cell type used for iPSC
generation. Altogether, it is thought that histone deacetylase inhibitors (VPA, TSA, SAHA),
methyltransferase inhibitors (AZA, RG108, BIX-01294) and possibly other, yet to be
identified, chromatin modifiers may function by relaxing chromatin to allow ectopically
expressed transcription factors to bind.

Other researchers have screened small molecule libraries to identify chemical compounds
that can directly substitute for the known reprogramming factors. This led to the discovery
of RepSox (replacement of Sox2), a small molecule used to substitute for Sox2 in the
reprogramming strategy (Ichida et al., 2009). RepSox acts by inhibiting transforming growth
factor-8 (TGF-£3) signaling, in turn increasing Nanog expression that ultimately promotes
partially reprogrammed cells to become fully reprogrammed (Ichida et al., 2009). However,
future research will need to address the specificity of RepSox in order to fulfill its potential
in generating iPSC for clinical purposes.

Finally, an interesting study by Esteban et al. (2010) demonstrated that antioxidants, in
particular vitamin C, also help to enhance somatic cell reprogramming when used in
combination with Oct4, Sox2 and Klf4 (Esteban et al, 2010). During early stages of
reprogramming, vitamin C is able to overcome, at least partially, the cellular senescence
roadblock by down-regulating p53 to allow the conversion of partially reprogrammed cells
into fully reprogrammed iPSC (Esteban et al., 2010). This study provides a natural alternative
to synthesized small molecules and may be easier to obtain approval for clinical usage.

3. Techniques for delivery of reprogramming factors

Since the seminal iPSC work by Shinya Yamanaka and colleagues, the field has moved
forward at a rapid pace. Significant progress has been made in identifying new strategies to
enhance the reprogramming efficiency and new methods to improve clinical safety. In this
section, we will discuss the current techniques employed to introduce the reprogramming
factors required for iPSC generation. It is important to note that the reprogramming
efficiencies discussed in this section are only subject to the context described in the
particular studies. Actual efficiency can be highly affected by many factors including the cell
type of origin, the reprogramming factors and enhancer molecules used, as well as the
methods to calculate reprogramming efficiencies.

3.1 Integrating Viral Vectors

3.1.1 Retroviral vectors

Retroviruses are efficient gene delivery vectors widely used in a broad range of dividing cell
types. They can integrate into the host cell genome to produce continuous transgene
expression. However, slow dividing or non-dividing cells are extremely resistant to
retroviral transduction and the random sites of transgene integration can lead to
unpredicatable genetic mutations within the genome and aberrant transgene expression.
The initial derivation of iPSC utilized retroviral-mediated introduction of Oct4, Sox2, Kif4
and c-Myc to convert mouse fibroblasts back to a pluripotent state (Takahashi and
Yamanaka, 2006), and subsequently human iPSC derived from adult dermal fibroblasts,
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fetal and neonatal cells (Lowry et al., 2008; Park et al., 2008; Takahashi et al., 2007). Also, it
was observed that retroviral mediated expression of transgenes were silenced during the
iPSC reprogramming process (Hotta and Ellis, 2008). Even with a low efficiency (0.001%-
0.5%), these pioneering studies revealed a potential alternative to the controversial use of
ESC as a cell source for cellular transplantation therapies.

3.1.2 Lentiviral vectors

At the same time Yamanaka and colleagues reported the generation of human iPSC by
retroviral transduction, Yu et al. (2007) demonstrated successful derivation of human iPSC
using lentiviral methods to deliver a different set of factors Oct4, Sox2, Nanog and Lin28 (Yu
et al., 2007). Lentiviruses, a subclass of retroviruses, offer the capability of high-efficiency
infection in both dividing and non-dividing cells with stable expression of the transgenes
and low immunogenicity. These distinguishing characteristics allow lentiviral vectors to be
used for reprogramming a broader range of somatic cell types. However, lentiviruses
integrate randomly into the host genome, similar to other retroviruses, which may hinder
the use of iPSC generated using these methods for clinical applications. Initial derivation of
human iPSC using lentiviral transduction yielded reprogramming efficiencies of 0.01%,
significantly lower than previous retroviral methods (Yu et al, 2007). Subsequent
improvements have been made by using lentiviral vectors to deliver SV40T, UTF1 or p53
shRNA to supplement the reprogramming cocktails, resulting in a 70-100 fold increase in
reprogramming efficiency (Mali et al., 2008, Zhao et al., 2008). Moreover, reporter and
antibiotic selection casettes have also been incorporated into lentiviral vectors to aid in the
isolation of iPSC (Hotta et al., 2009a; Hotta et al., 2009Db).

Previous studies indicated that transient expression of reprogramming factors is sufficient to
activate the endogenous pluripotent gene program to allow for direct cell reprogramming
(Takahashi et al., 2007; Takahashi and Yamanaka, 2006). This led to the development of
inducible lentiviral vectors for direct cell reprogramming. Inducible lentiviral methods
provide for improved temporal control over the levels of reprogramming factor expression
and have been used to study the timing of reprogramming as well as the molecular changes
that occur during the process. This system relies on inclusion of an additional vector that
constitutively expresses the reverse tetracycline transactivator (rtTA). In the presence of the
drug doxycycline, the rtTA functions to drive expression of the reprogramming factors,
while in the absence of doxycycline the reprogramming transgenes are not expressed.
Utilizing this type of inducible system, it has been established that exogenous transgene
expression is necessary for 8-12 days to induce reprogramming of mouse fibroblasts and
dispensable thereafter (Brambrink et al., 2008; Maherali et al., 2008; Stadtfeld et al., 2008a).
Moreover, when doxycycline was removed eight days after initial transduction, the partially
reprogrammed cells were unable to survive in the ESC growth conditions due to incomplete
reactivation of their self-renewal programs. This provides a useful system to select for cells
that have completely reverted back to a pluripotent stem cell state.

A major obstacle encountered when attempting to transduce cells with multiple viruses is
that only a small proportion of the total cells will become infected with all the viruses.
During reprogramming of somatic cells, those cells infected with few viruses may fail to
become reprogrammed; leading to a low reprogramming efficiency. In this regard,
development of a system to express the transgenes from a single vector may substantially
improve the efficiency. One method to express the four transgenes from a single promoter is
to insert the self-cleaving 2A and 2A-like sequences between each cDNA sequence
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(Donnelly et al., 1997). These 2A sequences act by triggering ribosomal skipping that result
in expression of each sequence in a stoichiometric fashion. Importantly, efficient
polycistronic expression by 2A-mediated separation of transgenes was achieved in hESC
(Hasegawa et al., 2007). This strategy was recently applied to derive mouse and human iPSC
using a single lentiviral vector expressing Oct4, Sox2, KIf4, and c-Myc (Carey et al., 2009;
Shao et al., 2009; Sommer et al., 2009). One of the advantages of using polycistronic vectors
is that it reduces the difficulty of handling multiple lentiviral vectors for different
reprogramming factors. Moreover, the mouse and human iPSC generated using this method
had less viral integration sites compared to those developed using lentiviral delivery with
individual gene. Indeed, the results showed as few as a single viral integration was
sufficient for reprogramming (Carey et al., 2009; Shao et al., 2009). Minimizing the number
of viral integrations reduces the risk of tumorigenesis and genomic instability. Also, the use
of polycistronic vectors ensures expression of all four factors in the transduced cells.
However, reprogramming efficiencies using this method were significantly lower (0.05%)
than previous methods and reprogramming kinetics were also notably slower. One possible
explanation for this low reprogramming efficiency is that the reprogramming factors are
required to be expressed at an optimal stoichiometry in order to achieve efficient direct cell
reprogramming (Papapetrou et al., 2009). Further studies are needed to clarify if the use of
polycistronic vectors is an ideal technique to generate iPSC.

3.2 Non-integrating and excisable approaches

A major concern with employing retroviral or lentiviral-based methods to derive iPSC is
random, uncontrollable integrations of the foreign transgenes into the host chromosomes.
While many of these integrations prove harmless to the cells, residual viral portions have
been shown to contribute to tumor formation. Moreover, it has been suggested that viral
integrations may be a possible cause for some of the gene expression and differentiation
potential differences observed between blastocyst-derived ESC and iPSC. These differences
could affect the interpretation of results during mechanistic studies and, due to the safety
concerns, severely limit the clinical applicability of these genetically modified cells. The
previous approaches were extremely inefficient processes and most required multiple
integration sites to induce reprogramming. Therefore, many groups have focused on
developing novel, non-integrating methods for deriving iPSC. Some of these methods
include the use of non-integrating vectors, excisable vectors, as well as RNA- or protein-
based reprogramming.

3.2.1 Adenoviral vectors

The use of adenoviral vectors is advantageous for somatic cell reprogramming as they lack
the machinery to integrate into the host’s genome. This allows for high-level expression of
exogenous genes with a low risk of integration of viral transgenes into the host genome. The
viral titer becomes diluted after every cell division, which allows transient expression of the
transgenes. On the other hand, multiple rounds of infections can achieve prolonged
expression of transgenes, but it can be difficult to control gene expression levels.
Reprogramming somatic cells with adenoviral vectors was first reported by Stadtfeld et al
(Stadtfeld et al., 2008b). Using adenoviral vectors, mouse and human iPSC were generated
using the Yamanaka factors in various donor cell types, albeit with a low reprogramming
efficiency as compared to integrating viral vectors (0.0001%-0.001%) (Stadtfeld et al., 2008b;
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Zhou and Freed, 2009). Similarly, a low reprogramming efficiency was also observed using
polycistronic adenoviral vectors (Okita et al., 2008). One explanation for this is that it is
difficult to maintain high enough transgene levels for multiple days to allow for
reprogramming in many of the cells. Also, roughly 20% of the transduced cells were
tetraploid, a phenomenon which was not seen in retroviral or lentiviral induced iPSC
(Stadtfeld et al., 2008b). The reason for this observed tetraploidy is not clear, but it was
suggested that cellular fusion or the presence of a rare aneuploid cell population in the
starting culture may account for this result. Therefore, further research is needed to refine
the use of adenoviral vectors in reprogramming somatic cells back to pluripotency.

3.2.2 Plasmids

Another non-integrating approach to transiently express reprogramming factors is the use
of conventional plasmids. Previous reports have successfully generated integration-free
mouse iPSC using polycistronic plasmids to express the Yamanaka factors (Gonzalez et al.,
2009; Okita et al.,, 2008). However, a substantial amount of iPSC colonies contained
integration of the transgenes. Therefore, screening of transgene integration sites is still
necessary for iPSC generated using this technique to ensure their safety for clinical
purposes. Furthermore, multiple rounds of transfection are required to sustain transgene
expression at the level required to induce reprogramming and the observed reprogramming
efficiency remained significantly lower than seen with the retroviral vectors (Gonzalez et al.,
2009; Okita et al., 2008). Improvements to this plasmid-based method were made by the use
of a polycistronic nonviral minicircle plasmid to reprogram human adult adipose stem cells
(Jia et al., 2010). Minicircle DNA offers a higher transfection rate and is diluted at a slower
rate than conventional plasmids when the cells divide. As a result, fewer rounds of
transfections are required to generate iPSC. Using this method, Jia et al. (2010) generated
integration-free human iPSC with a reprogramming efficiency of 0.005%, an efficiency still
much lower than the integrating viral methods (Jia et al., 2010).

Episomal plasmids are another non-integrating method used to reprogram somatic cells into
iPSC. Unlike conventional plasmids where transient transgene expression is gradually
depleted after each cell division, episomal plasmids can be stably established in a number of
cell types by drug selection and removed when the drug selection is withdrawn. Using this
technique, Yu et al. (2009) generated a polycistronic episomal vector to co-express seven
transgenes to reprogram human foreskin fibroblasts into iPSC (Yu et al., 2009). It was
observed that different positioning of the transgene in the polycistronic vector resulted in
varying reprogramming efficiencies, with the highest efficiency achieved being 0.006%. In
summary, these studies provide proof-of-principle of the derivation of human iPSC free of
genomic integration. However, all plasmid-based methods used to date yield a lower
reprogramming efficiency compared to integrative viral methods, possibly due to
difficulties in sustaining high transgene expression. Further research combining enhancing
factors, such as small molecules, may help improve the reprogramming efficiency of these
plasmid-based methods.

3.2.3 Cre recombinase /loxP system

Early non-integrating methods, such as those utilizing adenoviral and plasmid introduction
of reprogramming factors, were substantially less efficient than the retroviral methods.
Excisable integrating vectors offer a plausible reprogramming strategy to overcome the
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shortcomings of both the integrating retroviral and the transient expression methods. These
excisable systems allow high initial transgene expression followed by subsequent removal of
exogenous factors. Soldner et al. (2009) used inducible lentiviral vectors to derive human iPSC
from fibroblasts collected from Parkinson’s disease patients followed by Cre-recombinase
mediated excision of the viral transgenes (Soldner et al., 2009). In this study, a constitutively
active reverse tetracycline transactivator lentivirus was infected along with doxycycline-
inducible lentiviruses for expression of the reprogramming factors, Oct4, Sox2, KIf4 and c-
Myc. The inducible lentiviruses were engineered to contain a loxP site in the 3" LTR that
becomes duplicated into the 5 LTR during viral replication, producing loxP sites flanking
the transgenes. Subsequent expression of Cre-recombinase by electroporation allows the
transgenes to be excised. Using this technique, the authors reported successful derivation of
integration-free human iPSC (Soldner et al., 2009). Interestingly, the authors also
demonstrated that the gene expression profile of these iPSC are more similar to hESC
following transgene excision, suggesting that residual integrated reprogramming factors
perturb the transcriptional profile of human iPSC (Soldner et al., 2009). Although the Cre-
loxP system is the most efficient recombination system known, screening of integration-free
iPSC clones is still required, as the authors reported that only sixteen out of 180 clones
analyzed were integration-free following excision of transgene. Moreover, Cre-mediated
excision of the transgenes does not remove the loxP sites, which raises concern of the
possibility of disruption of endogenous gene expression. In this regard, a recent report by
Chang et al. (2009) demonstrated successful generation of integration-free human iPSC
where residual loxP sites did not interrupt expression of any genes or other functional
sequences (Chang et al., 2009).

3.2.4 piggyBac transposon-based system

Unlike the Cre-loxP system, the advantage of transposon-based system is that transposases can
remove all exogenous transposon elements from the host DNA. In particular, the piggyBac
transposons have been demonstrated to be an efficient system for excisable gene delivery,
delivering up to 10kb DNA fragments (Ding et al.,, 2005). Following transfection of the
piggyBac transposons, transient expression of the transposase enzyme catalyzes the insertion
or the excision event (Fraser et al., 1996). The advantage of the piggyBac transposon system is
that it can be completely removed from the host genomes without altering the DNA sequences
at the integration sites (Wang et al., 2008a). This led to the development of piggyBac-based
reprogramming strategy that allowed generation of mouse and human iPSC using
tetracycline-inducible or polycistronic expression of reprogramming factors (Kaji et al., 2009;
Woltjen et al., 2009; Yusa et al., 2009). A high reprogramming efficiency of 2.5% was reported
in the generation of mouse iPSC using this technique (Kaji et al., 2009). Furthermore, the
integration sites were sequenced to confirm that excision of transgenes did not alter the host
genome. Therefore, the piggyBac transposon system represents an efficient non-integrative
approach to generate iPSC. However, excision of the transgenes by the transposase may still
lead to micro-deletions of the genomic DNA (Wang et al., 2008a), which could hinder the
clinical application of iPSC generated using this method.

3.2.5 RNA and protein-based reprogramming
Since all of the reprogramming strategies highlighted above create the risk of unexpected
genetic modifications, many groups have begun to devise ways to reprogram somatic cells

www.intechopen.com



New Techniques in the Generation of Induced Pluripotent Stem Cells 387

in the absence of genetic modification. Yakubov et al. (2010) recently developed a
reprogramming technique by transfecting RNA synthesized in vitro from cDNA of Oct4,
Lin28, Sox2, and Nanog to generate iPSC from human fibroblasts (Yakubov et al., 2010). This
method harnesses the power of the endogenous translational machinery for proper protein
folding and post-translational modifications. Also, this method of generating iPSC
eliminates the risks associated with the use of viruses and DNA transfection methods.
However, at least five consecutive transfections were necessary to reprogram these human
fibroblasts as the transfected RNAs have a limited half-life. Finally, the reprogramming
efficiency (0.05%) remained lower than those observed for integrating viral methods.
Further characterization is also needed to confirm the pluripotency of the iPSC-like cells
generated using this method and to prove the feasibility of RN A-based reprogramming.

An alternate approach to somatic cell reprogramming without genetic modification is using
protein transduction. Importantly, a previous study demonstrated that protein tagged with
a C-terminus poly-arginine domain allows efficient protein transduction through the cell
membrane (Matsushita et al., 2001). Using direct protein delivery of reprogramming factors,
two groups have report successful derivation of iPSC with the Yamanaka factors (Kim et al.,
2009a; Zhou et al., 2009). Zhou et al. (2009) was the first to use recombinant reprogramming
factors tagged with the poly-arginine domain to generate mouse iPSC. This virus-free and
DNA-free method yielded a reprogramming efficiency of 0.006% with the use of an
enhancer molecule VPA (Zhou et al., 2009). In addition, Kim et al. (2009) used whole cell
extract from human embryonic kidney cells overexpressing the Yamanaka factors for the
generation of human iPSC, yielding a reprogramming efficiency of 0.001% (Kim et al,,
2009a). Both studies generated iPSC without any genetic modification, making them suitable
for clinical applications. This direct protein transduction method also eradicates the need to
screen for integration-free iPSC, thus shortening the time required for generating clinical
grade iPSC. However, the reprogramming efficiency achieved with this method is still far
lower than those obtained with viral mediated reprogramming. Moreover, multiple rounds
of treatment are required during the reprogramming process as the recombinant proteins
become degraded overtime. Nevertheless, these studies proved the feasibility of protein-
based reprogramming methods and improvements to this technique could be important for
final clinical application of iPSC.

4. Conclusions

The clinical potential of hESC for cell replacement therapies and for studying human
diseases is undeniable. However, the use of these cells has been constantly burdened by
both ethical (destruction of human embryos) and practical concerns (lack of available
embryos, difficulties with generation of histo-compatible hESC). The conversion of somatic
cells into pluripotent cells may overcome many of these roadblocks. Large numbers of
embryos are no longer needed to create banks of patient-matched lines, since cells can now
be harvested directly from each patient to create iPSC that are genetically identical and
immune-compatible. Since the initial derivation of iPSC using the four Yamanaka factors, a
growing list of reprogramming factors have been identified that either permit or enhance
the reprogramming process. Moreover, researchers have begun to study other ways to
improve the reprogramming efficiency, including the use of miRNA, small molecules, and
several different methods to overcome barriers that prevent direct somatic cell
reprogramming.
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The first generation iPSC methods involved integration of viral transgenes, but the clinical
necessity for deriving iPSC without these viral transgenes has pushed many researchers to
develop alternative methods. The use of inducible polycistronic lentiviral vectors has
already evolved to the utilization of excisable Cre-loxP and piggyBac expression systems,
non-integrating plasmids, and recombinant proteins and RNA transfection as tools for
generating iPSC. Advances in these non-viral, non-integrating methods will presumably
continue until a method is discovered that can, with high efficiency, be used to derive
patient-specific iPSC lines in a technically simple manner which can be adopted by many
researchers and clinicians. In this regard, pursuing the development of protein-based and
small molecule-based reprogramming methods may be most beneficial. However, these
methods are still at an early stage and further improvements are needed to achieve high
reprogramming efficiencies. Interestingly, a recent report utilized lentiviral vectors to
deliver three transgenes and demonstrated direct conversion of mouse fibroblasts into
neuronal like cells, bypassing the need of reprogramming back to a pluripotent state
(Vierbuchen et al., 2010). Further research is needed to develop similar non-viral methods
and to translate these techniques to human cells for clinical applications. Many
methodologies used in the derivation of iPSC can be applied to study direct conversion of a
somatic cell into another cell type of interest. However, the disadventagous of such direct
reprogramming of a somatic cell into another lineage is that the reprogrammed cells are
terminally differentiated and are not proliferating. Therefore, this reprogramming strategy
is not ideal for large scale production to yield cells for the development of cell replacement
therapies. In this regard, direct reprogramming of a somatic cell to a progenitor stage, where
the progenitor cells remain proliferative, may prove advantageous. Recent studies also
showed that iPSC retain an ‘epigenetic memory” of their origins, where differentiation of
iPSC to their tissue of origin is more efficient than other lineages (Kim et al., 2010; Polo et al.,
2010). This could be used as a strategy to derive efficient protocols for differentiating iPSC to
a particular cell type of interest. In summary, the field of stem cell biology was radically
altered by the derivation of iPSC. Since their generation, the field has moved forward at a
staggering speed, in large part due to the potential of iPSC to transform modern medicine as
well as our understanding of human development.

5. Acknowledgements

The authors wish to thank Dr. Gemma Rooney and Dr. Sandy Hung for critical reading of
the manuscript. The authors are also grateful for support from the California Institute of
Regenerative Medicine to E. L. Smith (TG2-01152), R.C.B. Wong (TG1-00008) and P.J.
Donovan (RC1-00110-1).

6. References

Adachi, K., Suemori, H., Yasuda, S.Y., Nakatsuji, N., and Kawase, E. (2010). Role of SOX2 in
maintaining pluripotency of human embryonic stem cells. Genes Cells 15, 455-470.

Amabile, G., and Meissner, A. (2009). Induced pluripotent stem cells: current progress and
potential for regenerative medicine. Trends Mol Med 15, 59-68.

Assou, S., Le Carrour, T., Tondeur, S., Strom, S., Gabelle, A., Marty, S., Nadal, L., Pantesco,
V., Reme, T., Hugnot, J.P., et al. (2007). A meta-analysis of human embryonic stem

www.intechopen.com



New Techniques in the Generation of Induced Pluripotent Stem Cells 389

cells transcriptome integrated into a web-based expression atlas. Stem Cells 25, 961-
973.

Avilion, A.A., Nicolis, SK., Pevny, L.H., Perez, L., Vivian, N., and Lovell-Badge, R. (2003).
Multipotent cell lineages in early mouse development depend on SOX2 function.
Genes Dev 17, 126-140.

Balzer, E., and Moss, E.G. (2007). Localization of the developmental timing regulator Lin28
to mRNP complexes, P-bodies and stress granules. RNA Biol 4, 16-25.

Banito, A., Rashid, S.T., Acosta, J.C,, Li, S., Pereira, C.F., Geti, 1., Pinho, S., Silva, J.C., Azuara,
V., Walsh, M., et al. (2009). Senescence impairs successful reprogramming to
pluripotent stem cells. Genes Dev 23, 2134-2139.

Barroso-delJesus, A., Romero-Lopez, C., Lucena-Aguilar, G., Melen, G J., Sanchez, L., Ligero,
G., Berzal-Herranz, A., and Menendez, P. (2008). Embryonic stem cell-specific
miR302-367 cluster: human gene structure and functional characterization of its
core promoter. Mol Cell Biol 28, 6609-6619.

Blelloch, R., Venere, M., Yen, J., and Ramalho-Santos, M. (2007). Generation of induced
pluripotent stem cells in the absence of drug selection. Cell Stem Cell 1, 245-247.

Bodnar, A.G., Ouellette, M., Frolkis, M., Holt, S.E., Chiu, C.P., Morin, G.B., Harley, C.B.,
Shay, J.W., Lichtsteiner, S., and Wright, W.E. (1998). Extension of life-span by
introduction of telomerase into normal human cells. Science 279, 349-352.

Bond, J.A., Wyllie, F.S., and Wynford-Thomas, D. (1994). Escape from senescence in human
diploid fibroblasts induced directly by mutant p53. Oncogene 9, 1885-1889.

Boyer, L.A., Lee, T.I,, Cole, M.F., Johnstone, S.E., Levine, S.S., Zucker, ].P., Guenther, M.G.,
Kumar, RM., Murray, HL., Jenner, R.G, et al. (2005). Core transcriptional
regulatory circuitry in human embryonic stem cells. Cell 122, 947-956.

Brambrink, T., Foreman, R., Welstead, G.G., Lengner, C.J.,, Wernig, M., Suh, H., and
Jaenisch, R. (2008). Sequential expression of pluripotency markers during direct
reprogramming of mouse somatic cells. Cell Stem Cell 2, 151-159.

Carey, B.W., Markoulaki, S., Hanna, J., Saha, K., Gao, Q., Mitalipova, M., and Jaenisch, R.
(2009). Reprogramming of murine and human somatic cells using a single
polycistronic vector. Proceedings of the National Academy of Sciences of the
United States of America 106, 157-162.

Cartwright, P., McLean, C., Sheppard, A., Rivett, D., Jones, K., and Dalton, S. (2005).
LIF/STAT3 controls ES cell self-renewal and pluripotency by a Myc-dependent
mechanism. Development 132, 885-896.

Chambers, 1., Colby, D., Robertson, M., Nichols, J., Lee, S., Tweedie, S., and Smith, A. (2003).
Functional expression cloning of Nanog, a pluripotency sustaining factor in
embryonic stem cells. Cell 113, 643-655.

Chambers, 1., Silva, J., Colby, D., Nichols, J., Nijmeijer, B., Robertson, M., Vrana, ]., Jones, K,,
Grotewold, L., and Smith, A. (2007). Nanog safeguards pluripotency and mediates
germline development. Nature 450, 1230-1234.

Chang, C.W.,, Lai, Y.S., Pawlik, K.M,, Liu, K., Sun, CW.,, Li, C, Schoeb, T.R., and Townes,
T.M. (2009). Polycistronic Lentiviral Vector for "Hit and Run" Reprogramming of
Adult Skin Fibroblasts to Induced Pluripotent Stem Cells. Stem Cells 27, 1042-1049.

Chen, L., Yabuuchi, A., Eminli, S., Takeuchi, A., Lu, CW., Hochedlinger, K., and Daley, G.Q.
(2009). Cross-regulation of the Nanog and Cdx2 promoters. Cell Res 19, 1052-1061.

www.intechopen.com



390 Embryonic Stem Cells — Differentiation and Pluripotent Alternatives

Chen, X., Xu, H., Yuan, P., Fang, F., Huss, M., Vega, V.B.,, Wong, E., Orlov, Y.L., Zhang, W.,
Jiang, J., et al. (2008). Integration of external signaling pathways with the core
transcriptional network in embryonic stem cells. Cell 133, 1106-1117.

Darr, H., and Benvenisty, N. (2009). Genetic analysis of the role of the reprogramming gene
LIN-28 in human embryonic stem cells. Stem Cells 27, 352-362.

Darr, H., Mayshar, Y., and Benvenisty, N. (2006). Overexpression of NANOG in human ES
cells enables feeder-free growth while inducing primitive ectoderm features.
Development 133, 1193-1201.

Ding, S., Wu, X,, Li, G., Han, M., Zhuang, Y., and Xu, T. (2005). Efficient transposition of the
piggyBac (PB) transposon in mammalian cells and mice. Cell 122, 473-483.

Donnelly, M.L.L., Gani, D., Flint, M., Monaghan, S., and Ryan, M.D. (1997). The cleavage
activities of aphthovirus and cardiovirus 2A proteins. Journal of General Virology
78,13-21.

Eilers, M., and Eisenman, R.N. (2008). Myc's broad reach. Genes Dev 22, 2755-2766.

Ellis, P., Fagan, B.M., Magness, S.T., Hutton, S., Taranova, O., Hayashi, S., McMahon, A.,
Rao, M., and Pevny, L. (2004). SOX2, a persistent marker for multipotential neural
stem cells derived from embryonic stem cells, the embryo or the adult. Dev
Neurosci 26, 148-165.

Ema, M., Mori, D., Niwa, H., Hasegawa, Y., Yamanaka, Y., Hitoshi, S., Mimura, J., Kawabe,
Y., Hosoya, T., Morita, M., et al. (2008). Kruppel-like factor 5 is essential for
blastocyst development and the normal self-renewal of mouse ESCs. Cell Stem Cell
3, 555-567.

Esteban, M.A., Wang, T., Qin, B.M., Yang, ].Y., Qin, D.J,, Cai, J.L., Li, W., Weng, Z.H., Chen,
J.K,, Ni, S,, et al. (2010). Vitamin C Enhances the Generation of Mouse and Human
Induced Pluripotent Stem Cells. Cell Stem Cell 6, 71-79.

Evans, M.J., and Kaufman, M.H. (1981). Establishment in culture of pluripotential cells from
mouse embryos. Nature 292, 154-156.

Feng, B., Jiang, J., Kraus, P., Ng, ].H., Heng, J.C., Chan, Y.S,, Yaw, L.P., Zhang, W., Loh, Y.H.,
Han, J., et al. (2009a). Reprogramming of fibroblasts into induced pluripotent stem
cells with orphan nuclear receptor Esrrb. Nat Cell Biol 11, 197-203.

Feng, B., Ng, ].H., Heng, J.C., and Ng, H.H. (2009b). Molecules that promote or enhance
reprogramming of somatic cells to induced pluripotent stem cells. Cell Stem Cell 4,
301-312.

Fong, H., Hohenstein, K.A., and Donovan, P.J. (2008). Regulation of self-renewal and
pluripotency by Sox2 in human embryonic stem cells. Stem Cells 26, 1931-1938.

Fraser, M.]., Ciszczon, T., Elick, T., and Bauser, C. (1996). Precise excision of TTAA-specific
lepidopteran transposons piggyBac (IFP2) and tagalong (TFP3) from the
baculovirus genome in cell lines from two species of Lepidoptera. Insect Mol Biol 5,
141-151.

Giguere, V. (2002). To ERR in the estrogen pathway. Trends Endocrinol Metab 13, 220-225.

Gonzalez, F., Monasterio, M.B., Tiscornia, G., Pulido, N.M., Vassena, R., Morera, L.B., Piza,
LR., and Belmonte, J.C.I. (2009). Generation of mouse-induced pluripotent stem
cells by transient expression of a single nonviral polycistronic vector. Proceedings
of the National Academy of Sciences of the United States of America 106, 8918-
8922.

www.intechopen.com



New Techniques in the Generation of Induced Pluripotent Stem Cells 391

Graham, V., Khudyakov, J., Ellis, P.,, and Pevny, L. (2003). SOX2 functions to maintain
neural progenitor identity. Neuron 39, 749-765.

Hahn, W.C., Counter, C.M., Lundberg, A.S., Beijersbergen, R.L., Brooks, M.W., and
Weinberg, R.A. (1999). Creation of human tumour cells with defined genetic
elements. Nature 400, 464-468.

Hanna, J., Saha, K., Pando, B., van Zon, J., Lengner, C.J., Creyghton, M.P., van Oudenaarden,
A., and Jaenisch, R. (2009). Direct cell reprogramming is a stochastic process
amenable to acceleration. Nature 462, 595-601.

Hasegawa, K., Cowan, A.B., Nakatsuji, N., and Suemori, H. (2007). Efficient multicistronic
expression of a transgene in human embryonic stem cells. Stem Cells 25, 1707-1712.

Heng, ].C., Feng, B., Han, J., Jiang, J., Kraus, P., Ng, ].H., Orlov, Y.L., Huss, M., Yang, L.,
Lufkin, T., et al. (2010). The nuclear receptor Nrb5a2 can replace Oct4 in the
reprogramming of murine somatic cells to pluripotent cells. Cell Stem Cell 6, 167-
174.

Hong, H., Takahashi, K., Ichisaka, T., Aoi, T., Kanagawa, O., Nakagawa, M., Okita, K., and
Yamanaka, S. (2009). Suppression of induced pluripotent stem cell generation by
the p53-p21 pathway. Nature 460, 1132-1135.

Hotta, A., Cheung, A.Y., Farra, N., Garcha, K., Chang, W.Y., Pasceri, P., Stanford, W.L., and
Ellis, J. (2009a). EOS lentiviral vector selection system for human induced
pluripotent stem cells. Nat Protoc 4, 1828-1844.

Hotta, A., Cheung, A.Y., Farra, N., Vijayaragavan, K., Seguin, C.A., Draper, ].S., Pasceri, P.,
Maksakova, I.A., Mager, D.L., Rossant, ., et al. (2009b). Isolation of human iPS cells
using EOS lentiviral vectors to select for pluripotency. Nat Methods 6, 370-376.

Hotta, A., and Ellis, J. (2008). Retroviral vector silencing during iPS cell induction: an
epigenetic beacon that signals distinct pluripotent states. ] Cell Biochem 105, 940-
948.

Huangfu, D.W., Maehr, R., Guo, W.]., Eijkelenboom, A., Snitow, M., Chen, A.E., and Melton,
D.A. (2008a). Induction of pluripotent stem cells by defined factors is greatly
improved by small-molecule compounds. Nature Biotechnology 26, 795-797.

Huangfu, D.W., Osafune, K., Maehr, R., Guo, W., Eijkelenboom, A., Chen, S., Muhlestein,
W., and Melton, D.A. (2008b). Induction of pluripotent stem cells from primary
human fibroblasts with only Oct4 and Sox2. Nature Biotechnology 26, 1269-1275.

Hyslop, L., Stojkovic, M., Armstrong, L., Walter, T., Stojkovic, P., Przyborski, S., Herbert, M.,
Murdoch, A., Strachan, T., and Lako, M. (2005). Downregulation of NANOG
induces differentiation of human embryonic stem cells to extraembryonic lineages.
Stem Cells 23, 1035-1043.

Ichida, J.K., Blanchard, J., Lam, K., Son, E.Y., Chung, J.E., Egli, D., Loh, K.M., Carter, A.C., Di
Giorgio, F.P., Koszka, K., et al. (2009). A Small-Molecule Inhibitor of Tgf-beta
Signaling Replaces Sox2 in Reprogramming by Inducing Nanog. Cell Stem Cell 5,
491-503.

Ivanova, N., Dobrin, R., Lu, R., Kotenko, I., Levorse, J., DeCoste, C., Schafer, X., Lun, Y., and
Lemischka, I.R. (2006). Dissecting self-renewal in stem cells with RNA interference.
Nature 442, 533-538.

Jia, F.J.,, Wilson, K.D., Sun, N., Gupta, D.M., Huang, M., Li, Z.J., Panetta, N.J., Chen, Z.Y.,
Robbins, R.C., Kay, M.A,, et al. (2010). A nonviral minicircle vector for deriving
human iPS cells. Nature Methods 7, 197-U146.

www.intechopen.com



392 Embryonic Stem Cells — Differentiation and Pluripotent Alternatives

Jiang, J., Chan, Y.S., Loh, Y.H,, Cai, J., Tong, G.Q., Lim, C.A., Robson, P., Zhong, S., and Ng,
H.H. (2008). A core KIlf circuitry regulates self-renewal of embryonic stem cells. Nat
Cell Biol 10, 353-360.

Judson, R.L., Babiarz, ].E., Venere, M., and Blelloch, R. (2009). Embryonic stem cell-specific
microRNAs promote induced pluripotency. Nat Biotechnol 27, 459-461.

Kaji, K., Norrby, K., Paca, A., Mileikovsky, M., Mohseni, P., and Woltjen, K. (2009). Virus-
free induction of pluripotency and subsequent excision of reprogramming factors.
Nature.

Kawamura, T., Suzuki, J., Wang, Y.V., Menendez, S., Morera, L.B., Raya, A., Wahl, G.M., and
Belmonte, J.C. (2009). Linking the p53 tumour suppressor pathway to somatic cell
reprogramming. Nature 460, 1140-1144.

Kendall, S.D., Adam, S.J., and Counter, C.M. (2006). Genetically engineered human cancer
models utilizing mammalian transgene expression. Cell Cycle 5, 1074-1079.

Kim, D., Kim, C.H., Moon, ].I,, Chung, Y.G., Chang, M.Y., Han, B.S,, Ko, S., Yang, E., Cha,
K., Lanza, R, et al. (2009a). Generation of Human Induced Pluripotent Stem Cells
by Direct Delivery of Reprogramming Proteins. Cell Stem Cell 4, 472-476.

Kim, J., Chu, J., Shen, X., Wang, J., and Orkin, S.H. (2008). An extended transcriptional
network for pluripotency of embryonic stem cells. Cell 132, 1049-1061.

Kim, ]J.B., Greber, B., Arauzo-Bravo, M.]., Meyer, J., Park, K.I.,, Zaehres, H., and Scholer, H.R.
(2009b). Direct reprogramming of human neural stem cells by OCT4. Nature 461,
649-643.

Kim, J.B., Sebastiano, V., Wu, G., Arauzo-Bravo, M.]., Sasse, P., Gentile, L., Ko, K., Ruau, D.,
Ehrich, M., van den Boom, D., et al. (2009¢c). Oct4-induced pluripotency in adult
neural stem cells. Cell 136, 411-419.

Kim, K., Doi, A., Wen, B., Ng, K., Zhao, R., Cahan, P., Kim, J., Aryee, M.]., Ji, H., Ehrlich, L.I,
et al. (2010). Epigenetic memory in induced pluripotent stem cells. Nature 467, 285-
290.

Kim, N.W., Piatyszek, M.A., Prowse, K.R., Harley, C.B., West, M.D., Ho, P.L.C., Coviello,
G.M., Wright, W.E., Weinrich, S.L., and Shay, ].W. (1994). Specific Association of
Human Telomerase Activity with Immortal Cells and Cancer. Science 266, 2011-
2015.

Knoepfler, P.S., Zhang, X.Y., Cheng, P.F., Gafken, P.R., McMahon, S.B., and Eisenman, R.N.
(2006). Myc influences global chromatin structure. EMBO ] 25, 2723-2734.

Kohlhase, J., Heinrich, M., Schubert, L., Liebers, M., Kispert, A., Laccone, F., Turnpenny, P.,
Winter, RM., and Reardon, W. (2002). Okihiro syndrome is caused by SALL4
mutations. Hum Mol Genet 11, 2979-2987.

Kopp, J.L., Ormsbee, B.D., Desler, M., and Rizzino, A. (2008). Small increases in the level of
Sox2 trigger the differentiation of mouse embryonic stem cells. Stem Cells 26, 903-
911.

Li, J., Pan, G., Cui, K,, Liu, Y., Xu, S., and Pei, D. (2007). A dominant-negative form of mouse
SOX2 induces trophectoderm differentiation and progressive polyploidy in mouse
embryonic stem cells. ] Biol Chem 282, 19481-19492.

Li, Y., McClintick, J., Zhong, L., Edenberg, H.J., Yoder, M.C., and Chan, R.J. (2005). Murine
embryonic stem cell differentiation is promoted by SOCS-3 and inhibited by the
zinc finger transcription factor KlIf4. Blood 105, 635-637.

www.intechopen.com



New Techniques in the Generation of Induced Pluripotent Stem Cells 393

Lim, CY., Tam, W.L,, Zhang, J., Ang, H.S,, Jia, H., Lipovich, L., Ng, H-H., Wei, C.L., Sung,
W.K., Robson, P., et al. (2008). Sall4 regulates distinct transcription circuitries in
different blastocyst-derived stem cell lineages. Cell Stem Cell 3, 543-554.

Lin, S.L., Chang, D.C., Chang-Lin, S., Lin, C.H., Wu, D.T., Chen, D.T., and Ying, S.Y. (2008).
Mir-302 reprograms human skin cancer cells into a pluripotent ES-cell-like state.
RNA 14, 2115-2124.

Liu, L., Leaman, D., Villalta, M., and Roberts, R M. (1997). Silencing of the gene for the
alpha-subunit of human chorionic gonadotropin by the embryonic transcription
factor Oct-3/4. Mol Endocrinol 11, 1651-1658.

Liu, L., and Roberts, RM. (1996). Silencing of the gene for the beta subunit of human
chorionic gonadotropin by the embryonic transcription factor Oct-3/4. ] Biol Chem
271, 16683-16689.

Loh, Y.H., Wu, Q., Chew, J.L., Vega, V.B., Zhang, W., Chen, X., Bourque, G., George, ]J.,
Leong, B., Liu, J., et al. (2006). The Oct4 and Nanog transcription network regulates
pluripotency in mouse embryonic stem cells. Nat Genet 38, 431-440.

Lowry, W.E,, Richter, L., Yachechko, R., Pyle, A.D., Tchieu, J., Sridharan, R., Clark, A.T., and
Plath, K. (2008). Generation of human induced pluripotent stem cells from dermal
fibroblasts. Proc Natl Acad Sci U S A 105, 2883-2888.

Mabherali, N., Ahfeldt, T., Rigamonti, A., Utikal, ]J., Cowan, C., and Hochedlinger, K. (2008).
A high-efficiency system for the generation and study of human induced
pluripotent stem cells. Cell Stem Cell 3, 340-345.

Maherali, N., Sridharan, R., Xie, W., Utikal, ]J., Eminli, S., Arnold, K., Stadtfeld, M.,
Yachechko, R., Tchieu, J., Jaenisch, R. et al. (2007). Directly reprogrammed
fibroblasts show global epigenetic remodeling and widespread tissue contribution.
Cell Stem Cell 1, 55-70.

Mali, P., Ye, Z.H., Hommond, H.H., Yu, X.B,, Lin, J., Chen, G.B., Zou, ]J.Z., and Cheng, L.Z.
(2008). Improved efficiency and pace of generating induced pluripotent stem cells
from human adult and fetal fibroblasts. Stem Cells 26, 1998-2005.

Marion, R.M., Strati, K., Li, H., Murga, M., Blanco, R., Ortega, S., Fernandez-Capetillo, O.,
Serrano, M., and Blasco, M.A. (2009). A p53-mediated DNA damage response limits
reprogramming to ensure iPS cell genomic integrity. Nature 460, 1149-1153.

Marson, A., Levine, S.S., Cole, M.F., Frampton, G.M., Brambrink, T., Johnstone, S., Guenther,
M.G., Johnston, W.K., Wernig, M., Newman, J., et al. (2008). Connecting microRNA
genes to the core transcriptional regulatory circuitry of embryonic stem cells. Cell
134, 521-533.

Martin, G.R. (1981). Isolation of a pluripotent cell line from early mouse embryos cultured in
medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci U S A 78,
7634-7638.

Masui, S., Nakatake, Y., Toyooka, Y., Shimosato, D., Yagi, R., Takahashi, K., Okochi, H.,
Okuda, A., Matoba, R., Sharov, A.A,, et al. (2007). Pluripotency governed by Sox2
via regulation of Oct3/4 expression in mouse embryonic stem cells. Nat Cell Biol 9,
625-635.

Matin, M.M., Walsh, J.R., Gokhale, P.J., Draper, ].S., Bahrami, A.R., Morton, 1., Moore, H.D.,
and Andrews, P.W. (2004). Specific knockdown of Oct4 and beta2-microglobulin
expression by RNA interference in human embryonic stem cells and embryonic
carcinoma cells. Stem Cells 22, 659-668.

www.intechopen.com



394 Embryonic Stem Cells — Differentiation and Pluripotent Alternatives

Matsushita, M., Tomizawa, K., Moriwaki, A., Li, S.T., Terada, H., and Matsui, H. (2001). A
high-efficiency protein transduction system demonstrating the role of PKA in long-
lasting long-term potentiation. ] Neurosci 21, 6000-6007.

McConnell, B.B., Ghaleb, A.M., Nandan, M.O., and Yang, V.W. (2007). The diverse functions
of Kruppel-like factors 4 and 5 in epithelial biology and pathobiology. Bioessays 29,
549-557.

Melton, C., Judson, R.L., and Blelloch, R. (2010). Opposing microRNA families regulate self-
renewal in mouse embryonic stem cells. Nature 463, 621-626.

Mitsui, K., Tokuzawa, Y., Itoh, H., Segawa, K., Murakami, M., Takahashi, K., Maruyama, M.,
Maeda, M., and Yamanaka, S. (2003). The homeoprotein Nanog is required for
maintenance of pluripotency in mouse epiblast and ES cells. Cell 113, 631-642.

Miyagi, S., Saito, T., Mizutani, K., Masuyama, N., Gotoh, Y., Iwama, A., Nakauchi, H.,
Masui, S., Niwa, H., Nishimoto, M., et al. (2004). The Sox-2 regulatory regions
display their activities in two distinct types of multipotent stem cells. Mol Cell Biol
24, 4207-4220.

Moss, E.G., Lee, R.C., and Ambros, V. (1997). The cold shock domain protein LIN-28
controls developmental timing in C. elegans and is regulated by the lin-4 RNA. Cell
88, 637-646.

Nakagawa, M., Koyanagi, M., Tanabe, K., Takahashi, K., Ichisaka, T., Aoi, T., Okita, K.,
Mochiduki, Y., Takizawa, N., and Yamanaka, S. (2008). Generation of induced
pluripotent stem cells without Myc from mouse and human fibroblasts. Nat
Biotechnol 26, 101-106.

Nakatake, Y., Fukui, N., Iwamatsu, Y., Masui, S., Takahashi, K., Yagi, R., Yagi, K., Miyazaki,
J., Matoba, R., Ko, M.S,, et al. (2006). Klf4 cooperates with Oct3/4 and Sox2 to
activate the Leftyl core promoter in embryonic stem cells. Mol Cell Biol 26, 7772-
7782.

Nandan, M.O., and Yang, V.W. (2009). The role of Kruppel-like factors in the
reprogramming of somatic cells to induced pluripotent stem cells. Histol
Histopathol 24, 1343-1355.

Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, H., Klewe-Nebenius, D., Chambers, 1.,
Scholer, H., and Smith, A. (1998). Formation of pluripotent stem cells in the
mammalian embryo depends on the POU transcription factor Oct4. Cell 95, 379-
391.

Niwa, H., Miyazaki, J., and Smith, A.G. (2000). Quantitative expression of Oct-3/4 defines
differentiation, dedifferentiation or self-renewal of ES cells. Nat Genet 24, 372-376.

Niwa, H., Toyooka, Y., Shimosato, D., Strumpf, D., Takahashi, K., Yagi, R., and Rossant, J.
(2005). Interaction between Oct3/4 and Cdx2 determines trophectoderm
differentiation. Cell 123, 917-929.

Okamoto, K., Okazawa, H., Okuda, A., Sakai, M., Muramatsu, M., and Hamada, H. (1990). A
novel octamer binding transcription factor is differentially expressed in mouse
embryonic cells. Cell 60, 461-472.

Okita, K., Ichisaka, T., and Yamanaka, S. (2007). Generation of germline-competent induced
pluripotent stem cells. Nature 448, 313-317.

Okita, K., Nakagawa, M., Hong, H.]., Ichisaka, T., and Yamanaka, S. (2008). Generation of
Mouse Induced Pluripotent Stem Cells Without Viral Vectors. Science 322, 949-953.

www.intechopen.com



New Techniques in the Generation of Induced Pluripotent Stem Cells 395

Papapetrou, E.P., Tomishima, M.J., Chambers, S.M., Mica, Y., Reed, E., Menon, J., Tabar, V.,
Mo, Q. Studer, L., and Sadelain, M. (2009). Stoichiometric and temporal
requirements of Oct4, Sox2, Klf4, and c-Myc expression for efficient human iPSC
induction and differentiation. Proc Natl Acad Sci U S A 106, 12759-12764.

Park, I.H., Zhao, R., West, J.A., Yabuuchi, A., Huo, H.G,, Ince, T.A., Lerou, P.H., Lensch,
M.W., and Daley, G.Q. (2008). Reprogramming of human somatic cells to
pluripotency with defined factors. Nature 451, 141-U141.

Patel, ].H., Loboda, A.P., Showe, M.K., Showe, L.C., and McMahon, S.B. (2004). Analysis of
genomic targets reveals complex functions of MYC. Nat Rev Cancer 4, 562-568.

Pera, M.F., Reubinoff, B., and Trounson, A. (2000). Human embryonic stem cells. ] Cell Sci
113 ( Pt 1), 5-10.

Pesce, M., and Scholer, H.R. (2001). Oct-4: gatekeeper in the beginnings of mammalian
development. Stem Cells 19, 271-278.

Polesskaya, A., Cuvellier, S., Naguibneva, 1., Duquet, A., Moss, E.G., and Harel-Bellan, A.
(2007). Lin-28 binds IGF-2 mRNA and participates in skeletal myogenesis by
increasing translation efficiency. Genes Dev 21, 1125-1138.

Polo, J. M., Liu, S., Figueroa, M.E., Kulalert, W., Eminli, S., Tan, K.Y., Apostolou, E.,
Stadtfeld, M., Li, Y., Shioda, T., et al. (2010). Cell type of origin influences the
molecular and functional properties of mouse induced pluripotent stem cells. Nat
Biotechnol 28, 848-855.

Qiu, C, Ma, Y., Wang, J., Peng, S., and Huang, Y. (2010). Lin28-mediated post-
transcriptional regulation of Oct4 expression in human embryonic stem cells.
Nucleic Acids Res 38, 1240-1248.

Richards, M., Tan, S.P., Tan, J.H., Chan, W.K,, and Bongso, A. (2004). The transcriptome
profile of human embryonic stem cells as defined by SAGE. Stem Cells 22, 51-64.

Rosner, M.H., Vigano, M.A., Ozato, K., Timmons, P.M., Poirier, F., Rigby, P.W., and Staudt,
L.M. (1990). A POU-domain transcription factor in early stem cells and germ cells
of the mammalian embryo. Nature 345, 686-692.

Rowland, B.D., Bernards, R., and Peeper, D.S. (2005). The KLF4 tumour suppressor is a
transcriptional repressor of p53 that acts as a context-dependent oncogene. Nat Cell
Biol 7, 1074-1082.

Rowland, B.D., and Peeper, D.S. (2006). KLF4, p21 and context-dependent opposing forces
in cancer. Nat Rev Cancer 6, 11-23.

Scholer, H.R., Balling, R., Hatzopoulos, A.K., Suzuki, N., and Gruss, P. (1989). Octamer
binding proteins confer transcriptional activity in early mouse embryogenesis.
EMBO ] 8, 2551-2557.

Segre, J.A., Bauer, C.,, and Fuchs, E. (1999). KlIf4 is a transcription factor required for
establishing the barrier function of the skin. Nat Genet 22, 356-360.

Shao, L.J., Feng, W., Sun, Y., Bai, H., Liu, J., Currie, C., Kim, J.J., Gama, R., Wang, Z., Qian,
Z.]., et al. (2009). Generation of iPS cells using defined factors linked via the self-
cleaving 2A sequences in a single open reading frame. Cell Research 19, 296-306.

Shi, Y., Desponts, C., Do, ].T., Hahm, H.S., Scholer, H.R., and Ding, S. (2008a). Induction of
Pluripotent Stem Cells from Mouse Embryonic Fibroblasts by Oct4 and Klf4 with
Small-Molecule Compounds. Cell Stem Cell 3, 568-574.

www.intechopen.com



396 Embryonic Stem Cells — Differentiation and Pluripotent Alternatives

Shi, Y., Do, ]J.T., Desponts, C., Hahm, H.S., Scholer, H.R., and Ding, S. (2008b). A combined
chemical and genetic approach for the generation of induced pluripotent stem cells.
Cell Stem Cell 2, 525-528.

Shimozaki, K., Nakashima, K., Niwa, H., and Taga, T. (2003). Involvement of Oct3/4 in the
enhancement of neuronal differentiation of ES cells in neurogenesis-inducing
cultures. Development 130, 2505-2512.

Siomi, H., and Siomi, M.C. (2010). Posttranscriptional regulation of microRNA biogenesis in
animals. Mol Cell 38, 323-332.

Soldner, F., Hockemeyer, D., Beard, C., Gao, Q., Bell, G.W., Cook, E.G., Hargus, G., Blak, A,
Cooper, O., Mitalipova, M., et al. (2009). Parkinson's Disease Patient-Derived
Induced Pluripotent Stem Cells Free of Viral Reprogramming Factors. Cell 136, 964-
977.

Sommer, C.A., Stadtfeld, M., Murphy, G.J., Hochedlinger, K., Kotton, D.N., and
Mostoslavsky, G. (2009). Induced Pluripotent Stem Cell Generation Using a Single
Lentiviral Stem Cell Cassette. Stem Cells 27, 543-549.

Sridharan, R., Tchieu, J., Mason, M.]., Yachechko, R., Kuoy, E., Horvath, S., Zhou, Q., and
Plath, K. (2009). Role of the murine reprogramming factors in the induction of
pluripotency. Cell 136, 364-377.

Stadtfeld, M., Maherali, N., Breault, D.T., and Hochedlinger, K. (2008a). Defining molecular
cornerstones during fibroblast to iPS cell reprogramming in mouse. Cell Stem Cell
2, 230-240.

Stadtfeld, M., Nagaya, M., Utikal, J., Weir, G., and Hochedlinger, K. (2008b). Induced
Pluripotent Stem Cells Generated Without Viral Integration. Science 322, 945-949.

Sumi, T., Tsuneyoshi, N., Nakatsuji, N., and Suemori, H. (2007). Apoptosis and
differentiation of human embryonic stem cells induced by sustained activation of c-
Myc. Oncogene 26, 5564-5576.

Sweetman, D., and Munsterberg, A. (2006). The vertebrate spalt genes in development and
disease. Dev Biol 293, 285-293.

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., and Yamanaka,
S. (2007). Induction of pluripotent stem cells from adult human fibroblasts by
defined factors. Cell 131, 861-872.

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 126, 663-676.

Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel, ].J., Marshall, V.S.,
and Jones, ].M. (1998). Embryonic stem cell lines derived from human blastocysts.
Science 282, 1145-1147.

Tsubooka, N., Ichisaka, T., Okita, K., Takahashi, K., Nakagawa, M., and Yamanaka, S. (2009).
Roles of Sall4 in the generation of pluripotent stem cells from blastocysts and
fibroblasts. Genes Cells.

Utikal, J., Maherali, N., Kulalert, W., and Hochedlinger, K. (2009a). Sox2 is dispensable for
the reprogramming of melanocytes and melanoma cells into induced pluripotent
stem cells. ] Cell Sci 122, 3502-3510.

Utikal, J., Polo, J.M., Stadtfeld, M., Maherali, N., Kulalert, W., Walsh, R.M., Khalil, A.,
Rheinwald, J.G., and Hochedlinger, K. (2009b). Immortalization eliminates a
roadblock during cellular reprogramming into iPS cells. Nature 460, 1145-1148.

www.intechopen.com



New Techniques in the Generation of Induced Pluripotent Stem Cells 397

van den Berg, D.L., Snoek, T., Mullin, N.P.,, Yates, A., Bezstarosti, K., Demmers, J.,
Chambers, I., and Poot, R.A. (2010). An Oct4-centered protein interaction network
in embryonic stem cells. Cell Stem Cell 6, 369-381.

Vermeulen, K., Berneman, Z.N., and Van Bockstaele, D.R. (2003). Cell cycle and apoptosis.
Cell Prolif 36, 165-175.

Vierbuchen, T., Ostermeier, A., Pang, Z.P., Kokubu, Y., Sudhof, T.C., and Wernig, M. (2010).
Direct conversion of fibroblasts to functional neurons by defined factors. Nature
463, 1035-U1050.

Viswanathan, S.R., Daley, G.Q., and Gregory, R.I. (2008). Selective blockade of microRNA
processing by Lin28. Science 320, 97-100.

Viswanathan, S.R., Powers, J.T., Einhorn, W., Hoshida, Y., Ng, T.L., Toffanin, S., O'Sullivan,
M., Lu, J., Phillips, L.A., Lockhart, V.L., et al. (2009). Lin28 promotes transformation
and is associated with advanced human malignancies. Nat Genet 41, 843-848.

Wang, J., Rao, S., Chu, J., Shen, X., Levasseur, D.N., Theunissen, T.W., and Orkin, S.H.
(2006). A protein interaction network for pluripotency of embryonic stem cells.
Nature 444, 364-368.

Wang, W, Lin, C, Lu, D., Ning, Z., Cox, T., Melvin, D., Wang, X., Bradley, A., and Liu, P.
(2008a). Chromosomal transposition of PiggyBac in mouse embryonic stem cells.
Proc Natl Acad Sci U S A 105, 9290-9295.

Wang, Y., Baskerville, S., Shenoy, A., Babiarz, J.E., Baehner, L., and Blelloch, R. (2008b).
Embryonic stem cell-specific microRNAs regulate the G1-S transition and promote
rapid proliferation. Nat Genet 40, 1478-1483.

Wei, Z,, Yang, Y., Zhang, P., Andrianakos, R., Hasegawa, K., Lyu, J., Chen, X,, Bai, G., Liu,
C., Pera, M., et al. (2009). KIf4 interacts directly with Oct4 and Sox2 to promote
reprogramming. Stem Cells 27, 2969-2978.

Wernig, M., Meissner, A., Cassady, J.P., and Jaenisch, R. (2008). c-Myc is dispensable for
direct reprogramming of mouse fibroblasts. Cell Stem Cell 2, 10-12.

Wernig, M., Meissner, A., Foreman, R., Brambrink, T., Ku, M., Hochedlinger, K., Bernstein,
B.E.,, and Jaenisch, R. (2007). In vitro reprogramming of fibroblasts into a
pluripotent ES-cell-like state. Nature 448, 318-324.

Woltjen, K., Michael, I.P., Mohseni, P., Desai, R., Mileikovsky, M., Hamalainen, R., Cowling,
R.,, Wang, W., Liu, P.T., Gertsenstein, M., et al. (2009). piggyBac transposition
reprograms fibroblasts to induced pluripotent stem cells. Nature 458, 766-U106.

Wong, C.C., Gaspar-Maia, A., Ramalho-Santos, M., and Reijo Pera, R.A. (2008). High-
efficiency stem cell fusion-mediated assay reveals Sall4 as an enhancer of
reprogramming. PLoS One 3, €1955.

Wu, KJJ., Grandori, C., Amacker, M., Simon-Vermot, N., Polack, A., Lingner, J., and Dalla-
Favera, R. (1999). Direct activation of TERT transcription by c-MYC. Nature
Genetics 21, 220-224.

Xu, B., Zhang, K., and Huang, Y. (2009a). Lin28 modulates cell growth and associates with a
subset of cell cycle regulator mRNAs in mouse embryonic stem cells. RNA 15, 357-
361.

Xu, N., Papagiannakopoulos, T. Pan, G. Thomson, J.A., and Kosik, K.S. (2009Db).
MicroRNA-145 regulates OCT4, SOX2, and KLF4 and represses pluripotency in
human embryonic stem cells. Cell 137, 647-658.

www.intechopen.com



398 Embryonic Stem Cells — Differentiation and Pluripotent Alternatives

Yakubov, E., Rechavi, G., Rozenblatt, S., and Givol, D. (2010). Reprogramming of human
fibroblasts to pluripotent stem cells using mRNA of four transcription factors.
Biochemical and Biophysical Research Communications 394, 189-193.

Yang, J., Chai, L., Fowles, T.C., Alipio, Z., Xu, D., Fink, L. M., Ward, D.C., and Ma, Y. (2008).
Genome-wide analysis reveals Sall4 to be a major regulator of pluripotency in
murine-embryonic stem cells. Proc Natl Acad Sci U S A 105, 19756-19761.

Yu, J., Vodyanik, M.A., Smuga-Otto, K., Antosiewicz-Bourget, ]., Frane, J.L., Tian, S., Nie, J.,
Jonsdottir, G.A., Ruotti, V., Stewart, R., et al. (2007). Induced pluripotent stem cell
lines derived from human somatic cells. Science 318, 1917-1920.

Yu, J.Y., Hu, KJ., Smuga-Otto, K., Tian, S.L., Stewart, R., Slukvin, 1.1, and Thomson, J.A.
(2009). Human Induced Pluripotent Stem Cells Free of Vector and Transgene
Sequences. Science 324, 797-801.

Yuan, H., Corbi, N., Basilico, C., and Dailey, L. (1995). Developmental-specific activity of the
FGF-4 enhancer requires the synergistic action of Sox2 and Oct-3. Genes Dev 9,
2635-2645.

Yuri, S., Fujimura, S., Nimura, K., Takeda, N., Toyooka, Y., Fujimura, Y., Aburatani, H., Ura,
K., Koseki, H., Niwa, H., et al. (2009). Sall4 is essential for stabilization, but not for
pluripotency, of embryonic stem cells by repressing aberrant trophectoderm gene
expression. Stem Cells 27, 796-805.

Yusa, K., Rad, R., Takeda, ]J., and Bradley, A. (2009). Generation of transgene-free induced
pluripotent mouse stem cells by the piggyBac transposon. Nature Methods 6, 363-
U369.

Zeineddine, D., Papadimou, E., Chebli, K., Gineste, M., Liu, J., Grey, C., Thurig, S., Behfar,
A., Wallace, V.A., Skerjanc, LS., et al. (2006). Oct-3/4 dose dependently regulates
specification of embryonic stem cells toward a cardiac lineage and early heart
development. Dev Cell 11, 535-546.

Zhang, J., Tam, W.L., Tong, G.Q., Wu, Q., Chan, H.Y., Soh, B.S,, Lou, Y., Yang, J., Ma, Y.,
Chai, L., et al. (2006). Sall4 modulates embryonic stem cell pluripotency and early
embryonic development by the transcriptional regulation of Pou5f1. Nat Cell Biol 8,
1114-1123.

Zhang, X., Zhang, J., Wang, T., Esteban, M.A., and Pei, D. (2008). Esrrb activates Oct4
transcription and sustains self-renewal and pluripotency in embryonic stem cells. ]
Biol Chem 283, 35825-35833.

Zhao, S., Nichols, J., Smith, A.G., and Li, M. (2004). SoxB transcription factors specify
neuroectodermal lineage choice in ES cells. Mol Cell Neurosci 27, 332-342.

Zhao, Y., Yin, X.L., Qin, H., Zhu, F.F,, Liu, H.S,, Yang, W.F., Zhang, Q., Xiang, C.A., Hou,
P.P., Song, Z.H., et al. (2008). Two Supporting Factors Greatly Improve the
Efficiency of Human iPSC Generation. Cell Stem Cell 3, 475-479.

Zhou, H.Y., Wu, S.L,, Joo, J.Y., Zhu, S.Y., Han, D.W,, Lin, T.X,, Trauger, S., Bien, G,, Yao, S.,
Zhu, Y. et al. (2009). Generation of Induced Pluripotent Stem Cells Using
Recombinant Proteins. Cell Stem Cell 4, 381-384.

Zhou, W.B., and Freed, C.R. (2009). Adenoviral Gene Delivery Can Reprogram Human
Fibroblasts to Induced Pluripotent Stem Cells. Stem Cells 27, 2667-2674.

www.intechopen.com



Embryonic Stem Cells - Differentiation and Pluripotent Alternatives

EMBRYONIC STEM CELLS - : ,
DIFEERENTIATION AND. Edited by Prof. Michael S. Kallos

ISBN 978-953-307-632-4

Hard cover, 506 pages

Publisher InTech

Published online 12, October, 2011
Published in print edition October, 2011

The ultimate clinical implementation of embryonic stem cells will require methods and protocols to turn these
unspecialized cells into the fully functioning cell types found in a wide variety of tissues and organs. In order to
achieve this, it is necessary to clearly understand the signals and cues that direct embryonic stem cell
differentiation. This book provides a snapshot of current research on the differentiation of embryonic stem cells
to a wide variety of cell types, including neural, cardiac, endothelial, osteogenic, and hepatic cells. In addition,
induced pluripotent stem cells and other pluripotent stem cell sources are described. The book will serve as a
valuable resource for engineers, scientists, and clinicians as well as students in a wide range of disciplines.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Raymond C.B. Wong, Ellen L. Smith and Peter J. Donovan (2011). New Techniques in the Generation of
Induced Pluripotent Stem Cells, Embryonic Stem Cells - Differentiation and Pluripotent Alternatives, Prof.
Michael S. Kallos (Ed.), ISBN: 978-953-307-632-4, InTech, Available from:
http://www.intechopen.com/books/embryonic-stem-cells-differentiation-and-pluripotent-alternatives/new-
techniques-in-the-generation-of-induced-pluripotent-stem-cells

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERFARK6SS HiBEFR R ARIRE I AE40582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




