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Embryonic stem „ES… cells have the capacity to form every type of cell in our adult
bodies due to their pluripotency. The prospective use of ES cells in regenerative
therapies for human diseases such as Parkinson’s disease and diabetes has
raised the interest in identifying the mechanisms that allow these cells to
maintain pluripotent fate and differentiate along many lineages. However, ethical
questions regarding the use of human eggs and/or embryos for medical research
have limited the ability of scientists to develop therapies with human ES cells.
Three recent papers in Nature and Cell Stem Cell have revealed novel methods of
reprogramming somatic cells into cells with the same pluripotent potential as ES
cells via the expression of only four transcription factors. These scientific
advances illuminate the mechanisms that drive pluripotent fate in embryonic
cells. In addition, by giving scientists a model to study ES-like cells that are not
derived from embryos, these newly identified models have the potential to
progress therapies for regenerative medicine. [DOI: 10.2976/1.2757614]
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Embryonic stem (ES) cells are remarkable
cells that have the ability to form all of the cell
types in our body. They are derived from the
inner cell mass (ICM) of tiny embryos when
they exist as only a small cluster of cells. This
stage in development does not require a womb
and can be generated from an egg and sperm in
a culture dish. In vitro, mouse ES cells can be
cultivated on fibroblast feeder layers or in the
presence of leukemia inhibitory factor (LIF) to
maintain pluripotency and induced to differen-
tiate into cell types from all three germ layers.
The potential for use of human ES cells for the
treatment of human diseases such as spinal
chord injuries, Parkinson’s disease, and diabe-
tes has made ES cells the holy grail for regen-
erative medicine in recent years. Since human
ES cells are derived from eggs, the ethical con-
troversies surrounding the use of embryonic
human cells for scientific research has limited
the advancement of ES cell use for human dis-
ease.

A number of groups have tried to circum-
vent these ethical barriers by converting adult
human cells into ES cell-like cells (Fig. 1). The
first successful method was somatic nuclear

transfer in which a somatic cell nucleus is
placed into an enucleated unfertilized oocyte
(Li et al., 2007; Wakayama et al., 1998; Wil-
mut et al., 1997). Known as nuclear transfer,
this technique was successfully used to clone
Dolly the sheep (Wilmut et al., 1997). How-
ever, no human lines have been created using
this technique likely due to low frequency of
successful transfers. In another method, the fu-
sion of human ES cells with human fibroblasts
resulted in the reprogramming of the somatic
nuclei to an embryonic state and the differen-
tiation of the hybrid cells into a number of di-
verse cell types (Cowan et al., 2005; Tada et
al., 2001). Both of these techniques demon-
strate that egg and ES cell cytoplasm contains
factors that can reprogram nuclei back to a
pluripotent state. While the essence of ES cell
pluripotency is not entirely unknown, three re-
cent papers in Nature and Cell Stem Cell de-
scribe the identification of four unique tran-
scription factors present in these cytoplasms
that can drive pluripotency when introduced
into mature cells (Maherali et al., 2007; Okita
et al., 2007; Wernig et al., 2007).
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Using the retroviral expression of four transcription fac-
tors, Oct3/4, Sox2, c-Myc, and Klf4, which are expressed in
ES cells, Maherali et al. (2007), Okita et al. (2007), and
Wernig et al. (2007) were able to convert fibroblasts derived
from mouse skin to ES-like cells (iPS cells). Just like ES
cells, the reprogrammed iPS cells were able to form colonies
in vitro, to express ES cell marker genes, and to form
teratomas–tumors that contain tissues from all three germ
layers. Most importantly, these iPS cells were able to gener-
ate 10%–90% of tissues of adult chimaeric mice (Okita et al.,
2007) when injected into blastocysts and implanted into the
uteri of pseudopregnant mice (Maherali et al., 2007; Wernig
et al., 2007).

These studies were based on the groundbreaking study by
Takahashi and Yamanaka, who demonstrated that the ectopic
expression of Oct4, Sox2, c-Myc, and Klf4 can induce so-
matic (diploid) fibroblasts to become pluripotent stem cells
(Takahashi and Yamanaka, 2006). These factors were nar-
rowed down from 24 candidates in an assay designed to se-
lect for the pluripotent state due to the expression of Fbx15, a
target gene of Oct3/4 that is dispensable for the maintenance
of pluripotency (Tokuzawa et al., 2003). The group used ES
cells in which the �geo cassette, which encodes genes for the
resistance of neomycin and �-galactosidase, was inserted

into the Fbx15 genomic locus by homologous recombina-
tion. By isolating mouse embryonic fibroblasts from the re-
sulting mice, the group was able to screen for factors that
allowed expression of Fbx15 and thus, antibiotic resistance.
While this screen was able to identify four factors that can
induce the pluripotent state in somatic cells, these iPS cells
were not identical to ES cells in their gene expression or
DNA methylation profiles and were unable to contribute to
adult chimaeric mice.

The new studies differed from this original innovation by
the use of improved selection criteria for pluripotency—the
expression of Oct3/4 or the Oct3/4 target gene Nanog. In
contrast to prior selection method that used Fbx15 activation,
the new method employed a screen to detect the activation of
the endogenous Oct3/4 (Wernig et al., 2007) or Nanog (Ma-
herali et al., 2007; Okita et al., 2007; Wernig et al., 2007)
loci following retroviral transduction of the four “stemness”
genes. iPS cells selected on the basis of the activation of the
endogenous Oct3/4 locus seemed to yield the best ES cell
characteristics, although the reasons for this are not yet fully
understood (Wernig et al., 2007). It is likely that additional
targets of Oct3/4 in addition to Nanog allow selection for
Oct3/4 to yield a more pure pluripotent cell population. Mak-
ing these minor adjustments to Takahashi and Yamanaka’s

Figure 1. Methods to reprogram adult human cells. Somatic nuclear transfer involves the replacement of an egg nucleus with a somatic
nucleus. In an additional method, cell fusion between an embryonic stem cell and a somatic cell can also reprogram somatic nuclei. However,
these methods require an egg or ES cells and have low yield. In a new method that circumvents the use of eggs or embryonic material, the
retroviral expression of Oct3/4, Sox2, K1f4 and Myc can lead to reprogramming of somatic nuclei.
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original experiment allowed these groups to convert adult fi-
broblasts to iPS cells, which had sufficient pluripotent func-
tion to contribute to many tissues of chimeric mice.

What are these four amazing transcription factors that
can endow pluripotency to an adult skin cell? Two of the fac-
tors, Oct3/4 and Sox2 act in concert to regulate a number of
genes that maintain stem cell qualities. Oct3/4 is a POU fam-
ily transcription factor that is a critical regulator of pluripo-
tency (Nichols et al., 1998). It is expressed in blastomeres,
ES cells, and the germ cell and neuronal stem cell lineages
(Nichols et al., 1998; Shimozaki et al., 2003). Targeted gene
deletion of Oct3/4 in mouse results in the loss of pluripotent
cells of the ICM (Nichols et al., 1998), demonstrating its es-
sential role in ES cell maintenance. However, Oct3/4 is not a
master regulator of pluripotency since its expression alone
cannot hinder mouse ES cell differentiation [reviewed in Pan
and Thomson (2007)].

Oct3/4 binds to the many promoters as a ternary complex
with the HMG-box protein Sox2 to regulate the expression
of many genes involved in pluripotency (Yuan et al., 1995).
Sox2 is expressed in ES cells and in neural stem cells (Boiani
and Scholer, 2005; Yuan et al., 1995). The regulation of
pluripotency via Oct3/4 and Sox2 relies partly on the regula-
tion of Fgf4 (Yuan et al., 1995).

A well-known accelerator of the cell cycle, c-Myc targets
genes that regulate proliferation and transformation
(Adhikary and Eilers, 2005). These effects on cell growth
might promote the formation of iPS cells. In addition, c-Myc
can associate with histone acetyltransferase complexes to in-
duce global histone remodeling (Fernandez et al., 2003; Mc-
Mahon et al., 2000), potentially allowing access of Oct3/4
and Sox2 to their target genes. In fact, Oct3/4 and Nanog
promoters were demethylated in iPS cells similar to their pat-
tern in ES cells (Maherali et al., 2007; Okita et al., 2007;
Wernig et al., 2007), suggesting a transition from the re-
pressed state to the active state in iPS cells through changes
in chromatin structure.

The final gene required for iPS cell production is the
kruppel-like transcription factor, KLF4. Although KLF4 null
mice die at birth due to defects in epidermal differentiation
(Segre et al., 1999), overexpression of KLF4 in ES cells
leads to reduced differentiation and enhanced self-renewal
(Li et al., 2005). In addition, KLF4 cooperates with Oct3/4
and Sox2 to activate the Lefty1 promoter, a stem cell specific
gene (Nakatake et al., 2006). Additional targets of Oct3/4
may also require KLF4, causing it to be required for pluripo-
tency.

It is intriguing that Nanog, a key regulator of pluripo-
tency is not required for iPS formation. Nanog is a target of
the Oct3/4 and Sox2 complex and is a NK-2 class homeobox
transcription factor (Kuroda et al., 2005; Rodda et al., 2005)
that is expressed in pluripotent cells of the ICM and becomes
further restricted during development to the epiblast and fi-
nally to germ cells (Chambers et al., 2003). Nanog is re-

quired for pluripotency, since deletion of Nanog from ES
cells are unable to maintain an undifferentiated state and
form endodermlike cells (Chambers et al., 2003; Mitsui et
al., 2003). Further supporting its role in pluripotency, Nanog
expression can allow human ES cells to grow without a
feeder layer (Darr et al., 2006) and mouse ES cells to grow in
the absence of the extrinsic factor, LIF, which is normally
required to maintain pluripotency (Mitsui et al., 2003).
While retroviral Nanog expression is dispensable for the ini-
tial formation of iPS cells, the new papers were able to use its
key role in pluripotency to select for iPS cells at a higher
frequency.

How do these four factors—Oct3/4, Sox2, c-Myc, and
Klf4—stimulate a pluripotent fate? The downstream mecha-
nisms for this transition are still largely unknown. Reverse
transcriptase-polymerase chain reaction analysis for endog-
enous and retrovirally encoded genes revealed that endoge-
neous activation and normal regulation of Oct3/4 and Nanog
is required for iPS formation following retroviral infection
(Okita et al., 2007; Wernig et al., 2007). In addition, using an
Oct3/4 inducible system linked to endogenous Oct3/4 selec-
tion, Maherali confirmed that endogenous activation of
Oct3/4 occurs upon expression of these factors (Maherali et
al., 2007). In fact, the viral long-term repeat sequences that
drive retroviral expression of the transcription factors were
methylated during the reprogramming process de novo, re-
sulting in eventual silencing of the retroviral genes (Maherali
et al., 2007; Okita et al., 2007; Wernig et al., 2007). Thus,
expression of these retroviral genes induces pluripotent fate
reprogramming, but the subsequent induction of the endog-
enous genes maintains the pluripotent fate. Using iPS cells as
a model, further experiments outlining the specific sequence
of events involved in reprogramming should reveal addi-
tional mechanisms that drive pluripotency.

Is ability to be reprogrammed restricted to fibroblasts or
can other undifferentiated progenitor cells also be repro-
grammed? It is interesting that fibroblasts are the somatic
cells that have been used for reprogramming experiments
from somatic nuclear transfer, cell fusion, and the latest find-
ings with retroviral expression of key genes (Cowan et al.,
2005; Okita et al., 2007; Wernig et al., 2007; Wilmut et al.,
1997). Fibroblasts exist in almost every tissue as a connec-
tive tissue that maintains the extracellular matrix. They can
differentiate into other tissue types in vivo and in vitro (Chaf-
fer et al., 2006; Davis et al., 1987; Toma et al., 2001; Torday
et al., 2003). Consistent with the notion that not all cell types
have this capacity, Li et al. demonstrated that nuclear transfer
of quiescent skin follicle stem cells was more efficient than
their transiently amplifying progeny (Li et al., 2007).

Clearly, the next exciting step will be to determine
whether these same transcription factors can generate human
iPS cells. The previous methods of reprogramming somatic
nuclei via cell fusion and nuclear transfer had the disadvan-
tages of requiring embryonic cells and worked at low effi-
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ciencies, making them poor methods for the development of
clinical therapies. While the generation of iPS cells has great
potential for customizable regenerative therapies without the
use of embryonic cells, the technology is not immediately
applicable to the clinic.

Currently, the generation of iPS cells can only occur with
retroviral transduction (Okita et al., 2007). Because retrovi-
ral infection results in genomic integration, the process of
iPS formation may activate–interrupt additional genes that
are important for reprogramming or cellular differentiation.
In addition, Okita et al. (2007) noted the retroviral re-
expression of c-Myc in their chimeric mice. This reactivation
resulted in tumor formation and early lethality in 20% of
their F1 generation of chimeric mice.

Application of iPS cells to the clinic will require the de-
velopment of transient methods of expression of these fac-
tors and without introduction of foreign genes into the cells.
Thus, the development of small molecules that can induce
epigenetic reprogramming will be key in translating this
technology to human patients.

CONCLUSION
The development of pluripotent cells is a first step in our
ability to treat many human diseases and disorders. The sec-
ond step in this type of regenerative treatment is the forma-
tion of differentiated cell types. To generate neurons for spi-
nal chord injuries or Parkinson’s disease or pancreatic
�-cells for diabetes, we need to be able to induce pluripotent
cells to form these cell types prior to transplantation into pa-
tients. However, in many cases, the factors that specify cell
fate for individual cells types are still unknown. Working out
the mechanisms that drive lineage specification will be an
additional step in making iPS cells a useful tool in the clinic.

The findings that only four transcription factors have the
ability to reprogram a somatic cell to a pluripotency that only
ES cells possess is a remarkable leap in our understanding of
stem cell behavior. While future work is needed to work out
ideal conditions for this effect to utilize iPS clinically, iPS
cells will allow us to make the next crucial jump in stem cell
biology—the formation of specific lineages. This includes
the generation of specific cell types from patients with hu-
man genetic disorders, offering valuable resources for basic
and pharmaceutical research. Most importantly, this discov-
ery brings us much closer to applying stem cell therapies to
treat human disease.
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