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The recent years have seen great advances in reversal of

programming of differentiated somatic cells towards

pluripotency by methods not involving nuclear transfer. Some

of these may present a first step on the way to individual-based

cell therapy without the problems connected to collection of

mammalian unfertilised oocytes. Although differentiation of

cells involves complex genetic and epigenetic changes, it is

now possible to generate cells with many properties of

pluripotent embryonic stem cells by retroviral transduction of

differentiated cells with only four transcription factors: Oct3/4,

Sox2, Klf4 and c-Myc. The re-programmed cells contribute to

live chimeric mice and are transmitted via the germline.
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Introduction
Most cells of a multicellular organism will, with increasing

levels of differentiation, inevitably become more and

more restricted to specific cell lineages. This commit-

ment of cells may already begin between the two-cell and

the four-cell stage when some blastomeres already

indicate a preference for contributing to either the plur-

ipotent cells of the intracellular mass or the trophecto-

derm [1]. Pluripotent cells can by definition still give rise

to all cells of the embryo or the adult organism but they do

not have the self-organising capability to form the whole

organism [2]. In vivo this unique property can only be

found in the transient cells of early embryos, including

the inner cell mass (ICM) of blastocysts. Pluripotency is ex
vivo inherited by embryonic stem (ES) cells that are

derived from the cells of the ICM. The pluripotency of

ES cells in culture has to be maintained by addition of

factors that promote proliferation in absence of differen-

tiation, also known as self-renewal [2,3].
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Differentiation of pluripotent cells along increasingly

defined lineages involves a multitude of genetic and epi-

genetic changes [4,5] that will influence the long-term fate

of each cell and its progenitors. It had been uncertain for a

long time if it ever would be possible to completely reverse

these changes in adult somatic cells to regain fully plur-

ipotent cells. However, with the first successful cloning

experiments in mammals by introduction of nuclei of adult

somatic cells into oocytes (SCNT; somatic cell nuclear

transplantation) that gave rise to viable offspring, it was

clearly demonstrated that the cytoplasm of oocytes must

contain sufficient information to reprogram nuclei of at

least some types of cells [6,7]. However, the usefulness of

SCNT for research or as a step on the road to potential stem

cell-based therapies tailored for patients is, especially in

research on human cells, limited by low cloning efficiency,

and observed abnormalities at different stages of devel-

opment in test animals [8]. Ethical problems connected to

deriving and working with large numbers of human oocytes

have so far further restricted the practicality of SCNT.

In future research a new technique of introducing chromo-

somes into mitosis-arrested zygotes instead of unfertilised

oocytes may circumvent some of these difficulties [9�].

This review will briefly discuss other approaches to repro-

gramming of somatic cells than by nuclear transfer and then

focus on the pluripotent cells derived by introduction of

the Oct3/4, Sox2, Klf4 and c-Myc transcription factors

[10��] and the known functions of these factors in ES cells.

Reprogramming of somatic cells
Differentiation of cells encompasses a vast number of

epigenetic changes restricting the unique accessible

structure of the genome at the pluripotent stage [11].

It is further accompanied by changes in the pattern of

transcription factor expression with rapid downregulation

of many of the factors very restrictively expressed in the

pluripotent stage, which in turn results in sweeping

changes in overall gene expression. So far, there had been

no evidence available to assume that this can be achieved

by only a few key factors and consequently most efforts to

reprogram somatic cells, like SCNT, rely on pluripotent

cells to provide the required complex environment. Sev-

eral alternative approaches to SCNT have been

employed (Table 1) in the attempt to revert somatic cells

to a pluripotent state [8,11].

Cell fusion

The creation of cell hybrids by fusion of somatic cells with

pluripotent cells of various origins has been shown to
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mailto:yamanaka@frontier.kyoto-u.ac.jp
http://dx.doi.org/10.1016/j.copbio.2007.09.007


468 Tissue and cell engineering

Table 1

Strategies for reprogramming of differentiated cells

Reprogramming method Description Restrictions

Somatic cell nuclear transplantation Introduction of a somatic cell nucleus into an

enucleated unfertilised oocyte. For an

increasing number of species, a complete

organism can thus be formed by the

reconstituted oocyte.

Application may be limited by availability

of oocytes and the low cloning efficiency.

Furthermore, several developmental

abnormalities were observed in cloned animals.

Ethical and legal obstacles restrict use of

this method for human cells.

Cell–cell fusion Hybrids of differentiated and pluripotent

cells exhibit characteristics of pluripotency.

The reprogrammed cell hybrids contain an

additional set of chromosomes. The nucleus

of the pluripotent cell may be required for

reprogramming.

Treatment with extracts of pluripotent cells Permeabilised cells are exposed to cell-free

extracts of pluripotent cells. Treated cells

re-express pluripotency markers and

re-differentiate into multiple lineages.

Limited experience with primary cells.

Reprogrammed cells will regain only some

of the properties of pluripotent cells.

Stable expression of defined factors Exogenous expression of Sox2, Oct3/4, Klf4,

and c-Myc and subsequent selection for

pluripotency markers gives rise to cells with

similarity to pluripotent cells. Reprogrammed

cells can contribute to tissues of all three

germ layers in live chimeric mice.

Reactivation of transgenes, in particular of the

oncogene c-Myc, leads to considerable side

effects in offspring of chimeric mice.
successfully re-program somatic cells of mice or humans

and to result in the re-expression of pluripotency markers

[12,13]. However, the resulting cell hybrids will inevita-

bly contain two sets of chromosomes, which may limit the

use of this method for clinical applications. Enucleation of

ES cells before fusion may not be feasible in circumvent-

ing this problem as it has been shown to abolish the ability

of the remaining ES cytoplast to re-activate expression of

pluripotency markers in hybrids with somatic cells [13].

The selective removal of chromosomes is possible but

may be unfeasible for the complete set [14].

Incubation of somatic cells with extracts of pluripotent

cells

Direct exposure of human somatic cell lines to the

extracts of Xenopus oocytes [15], embryonic germ cell

[16], embryonic carcinoma cells, or ES cells [17] seems to

have met with partial success in the reversion of some

aspects of cell differentiation, mainly in the HEK293T

cell line. In most cases re-expression of pluripotency

marker, especially Oct3/4, were reported. It has been

suggested that some studies cannot properly exclude

the possibility that the reported re-expression of pluripo-

tency-associated genes is due to material from the plur-

ipotent cells [8]. Taranger et al. [17] found some indicators

of multi-lineage differentiation potential in re-pro-

grammed HEK293T cells.

Reprogramming somatic cells towards pluripotency by

defined factors

A fourth approach (Figure 1) seeks to re-program somatic

cells by use of defined factors known to be involved in

determining pluripotency in cells [10��,18].
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To establish factors necessary for reprogramming differ-

entiated cells, initially mouse embryonic fibroblasts

(MEFs) and tail-tip fibroblasts (TTFs) of mice homo-

zygous for a knockin of a neomycin-reporter cassette into

the Fbx15 (also known as Fbxo15) gene locus were

employed. Fbx15 expression is restricted to early embry-

onal development and ES cells but it is dispensable for

mouse development and maintenance of pluripotency

[19]. Initially, 24 factors with implication in pluripotency

were retrovirally transduced into Fbx15-reporter-fibro-

blasts. It was reasoned that upon becoming pluripotent,

cells would express the neomycin resistance gene under

control of the Fbx15 promoter and thus become resistant

to G418 selection. Selection of cells indeed allowed

growth of ES-cell-like colonies and cells derived by

sub-culturing these ES-like colonies were designated

as ‘induced pluripotent stem (iPS)’ cells. The initial

number of 24 candidate factors was by exclusion of single

factors stepwise reduced to only four genes which, on

their own, were sufficient to induce iPS cells: Sox2, Oct3/

4, Klf4 and c-Myc. Colonies derived with only three

factors, either lacking c-Myc or Sox2, were morphologi-

cally different from iPS/ES cells.

iPS cells (Figure 2) exhibited morphology and growth

properties similar to ES cells and did not undergo senes-

cence as their parental primary fibroblasts. The cells

expressed a large number of pluripotency markers,

although some only to a lower level compared to ES cells.

Notable exceptions were endogenous levels of Oct3/4 and

Sox2 that remained low in many clones. Epigenetic

changes included a decrease in dimethylation of histone

3 lysine 9 (diMeH3K9) in the Oct3/4 and Nanog promoter
www.sciencedirect.com
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Figure 1

Generation of iPS cells from differentiated fibroblasts. iPS cells are generated from Fbx15-, Oct3/4- or Nanog-reporter mouse embryos or adult

animals. After retroviral transduction with the four transcription factors Oct3/4, Sox2, c-Myc and Klf4, cells are selected for upregulation of

marker gene activity. After two or more weeks colonies of cells with properties similar to pluripotent embryonic stem cells, induced pluripotent

stem (iPS) cells, appear.
regions combined with an increase in histone 3 acetylation.

Nevertheless, CpG islands in the Oct3/4 and Nanog

regions remained methylated in comparison to ES cells.

Microarray analysis of the global gene expression indicated

upregulation of many genes in iPS cells that are expressed

specifically in ES cells but not in mouse embryonic fibro-

blasts. However, there were still considerable differences

in expression patterns of iPS and ES cells.

iPS cells exhibited, in spite of the various differences to

pluripotent ES cells, functional properties that are con-

sidered indicators of pluripotency in cells. They contrib-

uted in embryoid bodies, teratomas, as well as in chimeric

mouse embryos, to tissues originating from all three germ

layers. Chimeric mice derived from iPS cells selected for

Fbx15 expression were observed up to day E13.5 but no

live chimeras were born.

After the initial findings with Fbx15-selected iPS cells,

three laboratories demonstrated a marked improvement

in quality of iPS cells. All chose either a reporter associ-

ated with Nanog [20�,21�,22�] or with Oct3/4 [22] expres-

sion in place of Fbx15 expression as indicators of cell

reprogramming since both factors are thought to be more

stringently associated with pluripotency than Fbx15.

It was commonly observed that the quality of generated

iPS cells increased with an increased interval between

initial retroviral transduction and onset of selection.

Unlike in Fbx15-iPS cells, the expression of retroviral

transgenes was subsequently silenced in Nanog- and
www.sciencedirect.com
Oct3/4-iPS cells. The silencing of retroviral transgenes

has been suggested to be mediated by de novo methyl-

ation as found in silencing of viral genes in embryonic

cells [22].

Sox2 and Oct3/4, as well as other markers of pluripotency,

were continuously and stably expressed from endogenous

loci and the endogenous expression of Oct3/4 was demon-

strated to be sufficient for the maintenance of pluripo-

tency [20�].

The Nanog- and Oct3/4-promoter regions were unlike in

Fbx15-iPS cells efficiently de-methylated and global

gene-expression patterns were remarkably similar in

iPS and ES cells [21�,22�]. Although Nanog-iPS gene

expression patterns were more similar to ES cells than

were Fbx15-iPS expression patterns, there were still

differences, notably in the case of the pluripotency mar-

ker Rex1 with a stronger presence in ES cells [21�].

Nanog- and Oct3/4-iPS share with ES cells a bivalent

pattern of histone trimethylation on histone 3 lysine 4

(triMeH3K4), associated with transcribed genes, and on

histone 3 lysine 27 (triMeH3K27) that is associated with

silenced genes [20�,22�,23].

Functionally, Nanog- and Oct3/4-iPS cells contributed in

teratomas to tissues derived from all three germ layers.

Both types of iPS cells also contributed, in contrast to

Fbx15-iPS cells, to live chimeric mice and demonstrated

potential for germline transmission [20�,21�,22�].
Current Opinion in Biotechnology 2007, 18:467–473
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Figure 2

iPS cells mimic properties of pluripotent cells.
It was possible to raise offspring of chimeric mice derived

from one Nanog-iPS clone. However, the disadvantages

of the retroviral transduction system were emphasised by

frequent occurrence of mainly neck tumours associated

with reactivation of the c-Myc-transgene expression in

the tumour tissue [21�].

ES-like Nanog- and Oct3/4-iPS cells are clearly an import-

ant step towards the generation of fully pluripotent cells by

only four transcription factors. A closer look at the four
Table 2

Minimum number of factors required for iPS cell generation

Transgene Known functions in maintenance of pluripotency

Oct3/4 Oct3/4 is a tightly regulated transcription factor that is asso

of pluripotency. Regulatory elements in target genes are oft

factor in the transcriptional framework of self-renewing stem

Sox2 The transcription factor Sox2 is necessary for embryonal de

ES cell pluripotency-associated genes are co-regulated by

factors, for example Nanog, to activate transcription of plur

c-Myc c-Myc, a helix-loop-helix/leucine zipper transcription factor,

implicated in LIF receptor signalling as a downstream effec

In iPS cells, c-Myc may compensate anti-proliferative effec

Klf4 Klf4, the fourth member of the quartet, is a Krueppel-type z

tumor suppressor protein. Klf4 is like c-Myc a STAT3 targe

ES cells. Klf4 upregulates, in concert with Oct3/4, Lefty1 tra

a few targets. Klf4 can repress p53, a negative regulator of

Current Opinion in Biotechnology 2007, 18:467–473
factors reveals their deep involvement in the maintenance

of pluripotency and may explain at least part of their

individual contribution to iPS cell generation (Table 2).

Functions of the individual transcription
factors necessary for somatic cell
reprogramming
Oct3/4

The transcription factor Oct3/4 is strongly involved in the

maintenance of self-renewal of pluripotent cells. Its
ciated with a large number of target genes implicated in maintenance

en in close vicinity of Sox2-binding sites. Oct3/4 is likely to be a key

cells.

velopment and to prevent ES cell differentiation. Although many

Sox2 and Oct3/4, Sox2 may also cooperate with other transcription

ipotency markers.

takes part in a broad variety of cellular functions. It has been

tor of STAT3. In Wnt signalling c-Myc is a substrate for GSK3b.

ts of Klf4.

inc finger transciption factor. It can act as an oncogene but also as a

t in the LIF pathway and its overexpression inhibits differentiation of

nscription but the role as co-factor for Oct3/4 may be limited to only

Nanog.

www.sciencedirect.com
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expression level appears to require tight regulation as

repression in ES cells leads to differentiation into tro-

phoectoderm-like cells while overexpression induces

differentiation into various lineages including primi-

tive-endoderm-like cells [24]. Genome-wide studies in

human and mouse revealed a large panel of target genes

with Oct-regulatory elements and many targets have

frequently been implicated in ES cell signalling. A large

number of these genes possesses regulatory elements for

the transcription factors Sox2 and Nanog in close proxi-

mity that were found to be co-occupied in genes specifi-

cally positively or negatively regulated in ES cells [25,26].

Target genes of Oct3/4 in co-regulation with Sox2 include

Sox2 and Oct3/4 in a positive regulatory loop [27] and the

Nanog protein [28,29]. A number of putative regulatory

factors for Oct3/4 have been identified [2]. These include

the enhancers Lrh1 [30], retinoic acid receptor:retinoid X

receptor heterodimers [31,32] and SF1 [33] and the

repressors Cdx2 [34], COUP I+II [31,32] and Gcnf

[35]. Gcnf has been shown to recruit the de-novo meth-

yltransferase Dnmt3 to the Oct3/4 promoter and to

promote its methylation [36].

The exogenous expression of Oct3/4 is likely to support,

in cooperation with the transcription factor Sox2, the

maintenance of the basic transcriptional framework

required for the ES-like properties of iPS cells.

Sox2

The transcription factor Sox2 (SRY-type high mobility

group box 2) is part of a large family of 20 proteins that

share a similar HMG box DNA-binding motif. So far, it is

the only Sox-protein found to have a crucial function in

sustenance of ES cell pluripotency. The related Sox-

family member Sox15 is also present in ES cells, however,

unlike its counterpart Sox2, it is not required for embry-

onal development [37,38]. Downregulation of Sox2 in

murine ES cells by RNA interference promotes ES cell

differentiation [39]. Sox2 regulatory elements in gene

promoter regions are often found in close proximity to

Oct3/4 and Nanog binding sites [25]. Several genes

specific to ES cells are transcriptionally regulated by

the combined action of Sox2 and Oct3/4. These include

apart from Sox2, Oct3/4 and Nanog genes, as mentioned

in the Oct3/4 section, also Fgf4 [40], Utf-1 [41], Fbx15

[19] and Zfp206 [42]. It is possible that other ES-cell

associated genes are regulated by combination of Sox2

with different transcription factors as in the case of Rex1,

which is mainly activated by a combination of Sox2 and

Nanog [43].

c-Myc

The helix-loop-helix/leucine zipper transcription factor

Myc is associated with a number of cellular functions

including cell growth, differentiation and proliferation

but also with oncogenic transformation. In myeloid [44]

and neuronal [45] cell lineages Myc has been found to
www.sciencedirect.com
block differentiation and for epidermal [46] and haema-

topoietic [47] stem cell populations it has also been

associated with the maintenance of the stem cell pool.

c-Myc has been proposed as a major downstream target

for two pathways that support maintenance of pluripo-

tency: the LIF (leukaemia inhibitory factor)/STAT3 and

the Wnt signalling cascades. Its potential in stem cell

renewal has been demonstrated by ability of ES cells

expressing a stable c-Myc mutant, to contribute to chi-

meric mice even when cultured in absence of LIF [48].

However, its specific role in self-renewal of ES cells has

not been thoroughly characterised yet. The first pathway

associated with c-Myc, LIF signalling, is routinely used in

murine ES cell culture but it does not appear to be

necessary for the culture of human ES cells [49]. LIF

triggers by binding to a hetero-dimeric LIF-receptor a

signalling cascade that results in activation and nuclear

translocation of the transcription factor STAT3. STAT3,

when overexpressed, is sufficient for the continued self-

renewal of mouse ES cells even in absence of LIF [50]. c-

Myc transcriptional activation was found to be one of the

downstream targets of STAT3 in ES cells [48].

Wnt signalling can, independently of the LIF/STAT3

pathway, maintain murine and human stem cell popu-

lations. The Wnt signal is thereby thought to act via

inhibition of GSK3b. BIO, a GSK3b-inhibitor, can bypass

the need for Wnt-activation and supports self-renewal of

ES cells in the absence of Wnt-ligand [51]. c-Myc had

been described in a different cellular context as a sub-

strate for GSK3b kinase activity that, when phosphory-

lated, undergoes subsequently quick ubiquitination and

proteasomal degradation [52]. A similar regulation mech-

anism also appears to apply for c-Myc-levels in ES cells.

Here, the activation of Wnt signalling maintains increased

total levels of c-Myc [48]. Some evidence points to a

crosstalk between the LIF and the Wnt pathways via

PI3K activation by LIF [53] or by Wnt-mediated upre-

gulation of STAT3 [54].

Apart from its direct involvement in supporting self-

renewal, c-Myc may, in iPS cells, also counter anti-pro-

liferative activation of p21Cip1 by Klf4 [55]. In addition,

c-Myc may open up chromatin of somatic cells by binding

to numerous sites in the genome and by recruiting histone

acetylase complexes [56].

Klf4

The Kruepel-type zinc-finger transcription factor Klf4 is,

like c-Myc, a downstream target of activated STAT3 in

LIF-induced ES cells. Its overexpression leads to sus-

tained expression of Oct3/4 and inhibition of differen-

tiation in ES cells [57]. Similar to Sox2, Klf4 can also act as

a co-factor for Oct3/4-mediated regulation of gene tran-

scription. However, this seems to apply only to a very

limited number of genes, including Klf4 itself and Lefty1
Current Opinion in Biotechnology 2007, 18:467–473



472 Tissue and cell engineering
[58]. There is so far no evidence that Klf4 is required to

exert a similar function for other target genes of Oct3/4 or

Sox2.

Klf4 may be indirectly involved in the upregulation of

Nanog protein by repressing p53 [59], a negative regulator

of Nanog [60]. In addition, Klf4, by suppressing p53,

could in iPS cells act as a counterweight for pro-apoptotic

properties of c-Myc.

Conclusion
iPS cells, generated by introduction of Oct3/4, Sox2, Klf4

and c-Myc transcription factors into fibroblasts, share

many properties with ES cells. Additionally, contribution

of iPS cells to live adult chimeric animals and germline

transmission clearly demonstrate that re-programming, to

cells very similar to pluripotent ES cells, was achieved.

However, considering the high number of tumours in

offspring with c-Myc-transgene reactivation, it will be

critical for any application of re-programmed somatic cells

in a medical setting to bypass the stable overexpression of

retroviral transgenes. Future work will have to address

this problem either by using a transient expression system

or possibly by substitution of c-Myc with another factor

that can replace its role in re-reprogramming without the

side effects. Other oncogenes had been included in the

initial panel of 24 factors but only a combination of c-Myc

and Klf4 was able to fulfil the requirements for iPS

induction.

It is also still unknown why the efficiency of iPS cell

generation is very low. This may be due to only limited

subpopulations of fibroblasts being susceptible to con-

version or only a small number of cells that achieve an

optimal balance of transgene expression. It also possible

that optimising yet still unknown factors as for example

time intervals will increase the efficiency.

And finally one of the most important questions remains

unanswered: Will it be possible to generate iPS cell from

human cells?

Acknowledgement
Marc Lewitzky is supported by a Japan Society for the Promotion of Science
Postdoctoral fellowship.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest
�� of outstanding interest

1. Fujimori T, Kurotaki Y, Miyazaki J, Nabeshima Y: Analysis of cell
lineage in two- and four-cell mouse embryos. Development
2003, 130:5113-5122.

2. Niwa H: How is pluripotency determined and maintained?
Development 2007, 134:635-646.

3. Boyer LA, Mathur D, Jaenisch R: Molecular control of
pluripotency. Curr Opin Genet Dev 2006, 16:455-462.
Current Opinion in Biotechnology 2007, 18:467–473
4. Spivakov M, Fisher AG: Epigenetic signatures of stem cell
identity. Nat Rev Genet 2007, 8:263-271.

5. Surani MA, Hayashi K, Hajkova P: Genetic and epigenetic
regulators of pluripotency. Cell 2007, 128:747-762.

6. Wakayama T, Hayashi Y, Ogura A: Participation of the female
pronucleus derived from the second polar body in full
embryonic development of mice. J Reprod Fertil 1997,
110:263-266.

7. Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KH: Viable
offspring derived from fetal and adult mammalian cells. Nature
1997, 385:810-813.

8. Hochedlinger K, Jaenisch R: Nuclear reprogramming and
pluripotency. Nature 2006, 441:1061-1067.

9.
�

Egli D, Rosains J, Birkhoff G, Eggan K: Developmental
reprogramming after chromosome transfer into mitotic
mouse zygotes. Nature 2007, 447:679-685.

First demonstration of successful SCNT into mouse zygote, not unferti-
lized eggs.

10.
��

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

The first paper describing the generation of pluripotent cells from somatic
cells by defined factors.

11. Alberio R, Campbell KH, Johnson AD: Reprogramming somatic
cells into stem cells. Reproduction 2006, 132:709-720.

12. Cowan CA, Atienza J, Melton DA, Eggan K: Nuclear
reprogramming of somatic cells after fusion with human
embryonic stem cells. Science 2005, 309:1369-1373.

13. Do JT, Scholer HR: Nuclei of embryonic stem cells reprogram
somatic cells. Stem Cells 2004, 22:941-949.

14. Matsumura H, Tada M, Otsuji T, Yasuchika K, Nakatsuji N,
Surani A, Tada T: Targeted chromosome elimination from ES-
somatic hybrid cells. Nat Methods 2007, 4:23-25.

15. Hansis C, Barreto G, Maltry N, Niehrs C: Nuclear reprogramming
of human somatic cells by xenopus egg extract requires
BRG1. Curr Biol 2004, 14:1475-1480.

16. Freberg CT, Dahl JA, Timoskainen S, Collas P: Epigenetic
reprogramming of OCT4 and NANOG regulatory regions
by embryonal carcinoma cell extract. Mol Biol Cell 2007,
18:1543-1553.

17. Taranger CK, Noer A, Sorensen AL, Hakelien AM, Boquest AC,
Collas P: Induction of dedifferentiation, genomewide
transcriptional programming, and epigenetic reprogramming
by extracts of carcinoma and embryonic stem cells. Mol Biol
Cell 2005, 16:5719-5735.

18. Yamanaka S: Strategies and new developments in the
generation of patient-specific pluripotent stem cells. Cell Stem
Cell 2007, 1:39-49.

19. Tokuzawa Y, Kaiho E, Maruyama M, Takahashi K, Mitsui K,
Maeda M, Niwa H, Yamanaka S: Fbx15 is a novel target of Oct3/
4 but is dispensable for embryonic stem cell self-renewal and
mouse development. Mol Cell Biol 2003, 23:2699-2708.

20.
�

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

See notes of Ref. [22�].

21.
�

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

See notes of Ref. [22�].

22.
�

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

These papers describe an improvement of iPS cell pluripotency by using
Nanog- or Oct3/4-expression as a marker for selection of re-programmed
cells.
www.sciencedirect.com



Reprogramming by defined factors Lewitzky and Yamanaka 473
23. Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J,
Fry B, Meissner A, Wernig M, Plath K et al.: A bivalent chromatin
structure marks key developmental genes in embryonic stem
cells. Cell 2006, 125:315-326.

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

25. Boyer LA, Lee TI, Cole MF, Johnstone SE, Levine SS, Zucker JP,
Guenther MG, Kumar RM, Murray HL, Jenner RG et al.: Core
transcriptional regulatory circuitry in human embryonic stem
cells. Cell 2005, 122:947-956.

26. Loh YH, Wu Q, Chew JL, Vega VB, Zhang W, Chen X, Bourque G,
George J, Leong B, Liu J et al.: The Oct4 and Nanog
transcription network regulates pluripotency in mouse
embryonic stem cells. Nat Genet 2006, 38:431-440.

27. Chew JL, Loh YH, Zhang W, Chen X, Tam WL, Yeap LS, Li P,
Ang YS, Lim B, Robson P et al.: Reciprocal transcriptional
regulation of Pou5f1 and Sox2 via the Oct4/Sox2
complex in embryonic stem cells. Mol Cell Biol 2005,
25:6031-6046.

28. Kuroda T, Tada M, Kubota H, Kimura H, Hatano SY, Suemori H,
Nakatsuji N, Tada T: Octamer and Sox elements are required
for transcriptional cis regulation of Nanog gene expression.
Mol Cell Biol 2005, 25:2475-2485.

29. Rodda DJ, Chew JL, Lim LH, Loh YH, Wang B, Ng HH, Robson P:
Transcriptional regulation of nanog by OCT4 and SOX2. J Biol
Chem 2005, 280:24731-24737.

30. Gu P, Goodwin B, Chung AC, Xu X, Wheeler DA, Price RR,
Galardi C, Peng L, Latour AM, Koller BH et al.: Orphan nuclear
receptor LRH-1 is required to maintain Oct4 expression at the
epiblast stage of embryonic development. Mol Cell Biol 2005,
25:3492-3505.

31. Ben-Shushan E, Sharir H, Pikarsky E, Bergman Y: A dynamic
balance between ARP-1/COUP-TFII, EAR-3/COUP-TFI, and
retinoic acid receptor:retinoid X receptor heterodimers
regulates Oct-3/4 expression in embryonal carcinoma cells.
Mol Cell Biol 1995, 15:1034-1048.

32. Sylvester I, Scholer HR: Regulation of the Oct-4 gene by nuclear
receptors. Nucleic Acids Res 1994, 22:901-911.

33. Barnea E, Bergman Y: Synergy of SF1 and RAR in activation of
Oct-3/4 promoter. J Biol Chem 2000, 275:6608-6619.

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

35. Fuhrmann G, Chung AC, Jackson KJ, Hummelke G, Baniahmad A,
Sutter J, Sylvester I, Scholer HR, Cooney AJ: Mouse germline
restriction of Oct4 expression by germ cell nuclear factor. Dev
Cell 2001, 1:377-387.

36. Sato N, Kondo M, Arai K: The orphan nuclear receptor GCNF
recruits DNA methyltransferase for Oct-3/4 silencing. Biochem
Biophys Res Commun 2006, 344:845-851.

37. Avilion AA, Nicolis SK, Pevny LH, Perez L, Vivian N, Lovell-
Badge R: Multipotent cell lineages in early mouse development
depend on SOX2 function. Genes Dev 2003, 17:126-140.

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

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

41. Nishimoto M, Fukushima A, Okuda A, Muramatsu M: The
gene for the embryonic stem cell coactivator UTF1 carries
a regulatory element which selectively interacts with a
complex composed of Oct-3/4 and Sox-2. Mol Cell Biol 1999,
19:5453-5465.

42. Wang ZX, Teh CH, Kueh JL, Lufkin T, Robson P, Stanton LW: Oct4
and sox2 directly regulate expression of another pluripotency
www.sciencedirect.com
transcription factor, zfp206, in embryonic stem cells. J Biol
Chem 2007, 282:12822-12830.

43. Shi W, Wang H, Pan G, Geng Y, Guo Y, Pei D: Regulation of the
pluripotency marker Rex-1 by Nanog and Sox2. J Biol Chem
2006, 281:23319-23325.

44. Selvakumaran M, Liebermann DA, Hoffman-Liebermann B:
Deregulated c-myb disrupts interleukin-6- or leukemia
inhibitory factor-induced myeloid differentiation before c-myc:
role in leukemogenesis. Mol Cell Biol 1992, 12:2493-2500.

45. Knoepfler PS, Cheng PF, Eisenman RN: N-myc is essential
during neurogenesis for the rapid expansion of progenitor cell
populations and the inhibition of neuronal differentiation.
Genes Dev 2002, 16:2699-2712.

46. Waikel RL, Kawachi Y, Waikel PA, Wang XJ, Roop DR:
Deregulated expression of c-Myc depletes epidermal stem
cells. Nat Genet 2001, 28:165-168.

47. Satoh Y, Matsumura I, Tanaka H, Ezoe S, Sugahara H, Mizuki M,
Shibayama H, Ishiko E, Ishiko J, Nakajima K et al.: Roles for c-
Myc in self-renewal of hematopoietic stem cells. J Biol Chem
2004, 279:24986-24993.

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

49. Humphrey RK, Beattie GM, Lopez AD, Bucay N, King CC,
Firpo MT, Rose-John S, Hayek A: Maintenance of pluripotency
in human embryonic stem cells is STAT3 independent. Stem
Cells 2004, 22:522-530.

50. Matsuda T, Nakamura T, Nakao K, Arai T, Katsuki M, Heike T,
Yokota T: STAT3 activation is sufficient to maintain an
undifferentiated state of mouse embryonic stem cells. EMBO
J 1999, 18:4261-4269.

51. Sato N, Meijer L, Skaltsounis L, Greengard P, Brivanlou AH:
Maintenance of pluripotency in human and mouse embryonic
stem cells through activation of Wnt signaling by a
pharmacological GSK-3-specific inhibitor. Nat Med 2004,
10:55-63.

52. Sears R, Nuckolls F, Haura E, Taya Y, Tamai K, Nevins JR: Multiple
Ras-dependent phosphorylation pathways regulate Myc
protein stability. Genes Dev 2000, 14:2501-2514.

53. Paling NR, Wheadon H, Bone HK, Welham MJ: Regulation
of embryonic stem cell self-renewal by phosphoinositide
3-kinase-dependent signaling. J Biol Chem 2004,
279:48063-48070.

54. Hao J, Li TG, Qi X, Zhao DF, Zhao GQ: WNT/beta-catenin
pathway upregulates Stat3 and converges on LIF to prevent
differentiation of mouse embryonic stem cells. Dev Biol 2006,
290:81-91.

55. Seoane J, Le HV, Massague J: Myc suppression of the p21(Cip1)
Cdk inhibitor influences the outcome of the p53 response to
DNA damage. Nature 2002, 419:729-734.

56. Adhikary S, Eilers M: Transcriptional regulation and
transformation by Myc proteins. Nat Rev Mol Cell Biol 2005,
6:635-645.

57. Li Y, McClintick J, Zhong L, Edenberg HJ, Yoder MC, Chan RJ:
Murine embryonic stem cell differentiation is promoted by
SOCS-3 and inhibited by the zinc finger transcription factor
Klf4. Blood 2005, 105:635-637.

58. Nakatake Y, Fukui N, Iwamatsu Y, Masui S, Takahashi K, Yagi R,
Yagi K, Miyazaki J, Matoba R, Ko MS et al.: Klf4 cooperates with
Oct3/4 and Sox2 to activate the Lefty1 core promoter in
embryonic stem cells. Mol Cell Biol 2006, 26:7772-7782.

59. Rowland BD, Bernards R, Peeper DS: The KLF4 tumour
suppressor is a transcriptional repressor of p53 that acts as a
context-dependent oncogene. Nat Cell Biol 2005, 7:1074-1082.

60. Lin T, Chao C, Saito S, Mazur SJ, Murphy ME, Appella E, Xu Y: p53
induces differentiation of mouse embryonic stem cells by
suppressing Nanog expression. Nat Cell Biol 2005, 7:165-171.
Current Opinion in Biotechnology 2007, 18:467–473


	Reprogramming somatic cells towards pluripotency �by defined factors
	Introduction
	Reprogramming of somatic cells
	Cell fusion
	Incubation of somatic cells with extracts of pluripotent cells
	Reprogramming somatic cells towards pluripotency by defined factors

	Functions of the individual transcription factors necessary for somatic cell reprogramming
	Oct3/4
	Sox2
	c-Myc
	Klf4

	Conclusion
	Acknowledgement
	References and recommended reading


