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Review
Glossary

Chimera formation: to test developmental potential in vivo, cells are frequently

injected into diploid (3.5-day post-fertilization) blastocysts. Pluripotent cells

will incorporate into the inner cell mass and contribute to all lineages of the

developing mouse (chimera).

Embryonic stem cells: pluripotent cells derived from the inner cell mass of the

blastocyst.

Germline contribution: in addition to the three germ layers, pluripotent cells

can contribute to the germline of the mice when injected into diploid

blastocysts.

Induced pluripotent stem (iPS) cells: pluripotent cells derived from any

differentiated cell type through ectopic expression of transcription factors.

Originally, through retroviral expression of Oct4, Sox2, Klf4 and C-Myc, as

reported by Shinya Yamanaka [5]. Other combinations and ways of generating

iPS cells have been developed over the past 2 years.

Multipotent cells: cells capable of differentiating into multiple cell types but

within a certain lineage [hematopeoitic stem cells (HSCs)].

Pluripotent cells: cells capable of differentiating all germ layers (endoderm,

mesoderm and ectoderm) and the germline but not extra embryonic tissues

(e.g. inner cell mass, ES, EG, EpiSC, iPS cells).

Reprogramming: increase in developmental potential through nuclear transfer,

cell fusion, ectopic transcription factor expression (direct reprogramming) and

cell culture (Figure 1).

Tetraploid embryo complementation: diploid 2-cell embryos can be fused to

generate a single tetraploid (4N) embryo. These 4N-embryos can develop

normally to the blastocyst and can form extra-embryonic tissue but do not

contribute to the embryo. Any cell injected into the 4N blastocysts has to be

able to generate the entire embryo.

Totipotent cells: cells capable of developing into a complete organism or

differentiating into any of its cells or tissues (e.g. zygote and early

blastomeres).

Transdifferentiation: a controversial concept whereby multipotent or somatic

stem cells would be able to also generate cell types outside of their primary
Lineage-restricted cells can be reprogrammed to a
pluripotent state through overexpression of defined
transcription factors. Here, we summarize recent pro-
gress in the direct reprogramming field and discuss data
comparing embryonic stem (ES) and induced pluripotent
stem (iPS) cells. Results from many independent groups
suggest that mouse and human iPS cells, once estab-
lished, generally exhibit a normal karyotype, are tran-
scriptionally and epigenetically similar to ES cells and
maintain the potential to differentiate into derivatives of
all germ layers. Recent developments provide optimism
that safe, viral-free human iPS cells could be derived
routinely in the near future. An important next step will
be to identify ways of assessing which iPS cell lines are
sufficiently reprogrammed and safe to use for thera-
peutic applications. The approach of generating
patient-specific pluripotent cells will undoubtedly trans-
form regenerative medicine in many ways.

Generation of pluripotent stem cells
During cellular differentiation, cells become increasingly
more specialized and simultaneously restricted in their
developmental potential. Although totipotent and the
more developmentally restricted pluripotent cells (see
Glossary) exist only in the early embryo, the adult still
contains numerous multipotent (e.g. hematopoietic stem
cells) and unipotent stem cells [1]. In mammalian devel-
opment, differentiation is considered to be unidirectional
and reprogramming or transdifferentiation (see Glossary)
is observed rarely [1]. Nuclear-transfer experiments over
the past 50 years have established that, despite the
decrease in developmental potential, the nucleus of most,
if not all, adult cells retains nuclear plasticity and can be
reset to an embryonic state. In accordance with this, cells
(or nuclei) can be converted to a pluripotent state, using
any of the following mechanisms: (i) exposure to factors in
the oocyte through nuclear transfer (reviewed in [2]), (ii)
exposure to factors expressed in pluripotent cells (i.e.
embryonic stem [ES], embryonic germ [EG] and induced
pluripotent stem [iPS] cells) through cell fusion [3,4], (iii)
overexpression of defined transcription factors (direct
reprogramming) [5–7] or (iv) in the case of testis cells,
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through the use of specific culture conditions [1,8]
(Figure 1).

The first nuclear-transfer experiments were performed
in 1952 by Briggs and King and were later followed by
Gurdon to address the fundamental question of whether
the nuclei of differentiated cells are equivalent to those of
the early embryo [9,10]. A more detailed overview of the
history of nuclear transfer can be found elsewhere [11]. In
the late 1990s, two independent studies raised the possib-
ility of generating human patient-specific stem cells. In
1997, Wilmut and colleagues reported the cloning of ‘Dolly’
the sheep, the first mammal to be cloned from an adult cell
[12]. A year later, Thomson and colleagues reported the
derivation of human ES cells [13]. This immediately led to
speculations that one could use a combination of both
lineage (e.g. HSCs contributing to non-hematopoeitic tissues).

Unipotent cells: cells that have the capacity to differentiate into only one type

of cell (e.g. spermatogonial stem cells).
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Figure 1. Strategies to induce nuclear reprogramming. Somatic cells have been

converted to a pluripotent state, using all of the four displayed mechanisms. (i)

Somatic cells can be reprogrammed through injection into a previously enucleated

oocyte (nuclear transfer) (reviewed in [2]). (ii) When a pluripotent cell such as an ES

cell is fused with a somatic cell, it will generate a tetraploid cell that has acquired a

pluripotent state (cell fusion) [3,4]. (iii) Ectopic expression of the transcription

factors Oct4, Sox2, Klf4 and c-Myc via viral (retro-, lenti- or adenovirus) or plasmid-

based vectors is sufficient to reprogram somatic cells (direct reprogramming) [5–

7]. (iv) Under specific culture conditions at a low frequency, it has been shown that

germ cells can reprogram into pluripotent cells (culture-induced reprogramming)

[1,8]. Abbreviations: 2N, diploid cell; 4N, tetraploid cell; ES, embryonic stem.
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techniques to derive ES cells from patients and apply them
for therapeutic purposes (‘therapeutic cloning’) [14].
Although proof-of-principle has been demonstrated in
the mouse [15], human somatic cell-nuclear transfer
(SCNT) has yet to be accomplished. There seem to be no
conceptual obstacles to prevent SCNT working in humans.
However, the procedure is technically challenging, ineffi-
cient and dependent on voluntary donation of a large
number of unfertilized oocytes. The donation issue might
be overcome by using fertilized embryos, as has been
shown recently in the mouse [16], however, it is unlikely
that SCNT could be performed on a large scale to derive
pluripotent cell lines routinely for every patient.

The landmark discovery that lineage-restricted cells can
be reprogrammed directly to a state of pluripotency
through the ectopic expression of defined transcription
factors has opened a new frontier in the field of regenera-
tive medicine [5–7,17]. iPS cells, as they were termed by
Shinya Yamanaka [5], have now been derived in various
60
ways (Table 1). It is widely accepted that mouse and
human iPS cells possess morphological, molecular and
developmental features that closely resemble those of
blastocyst-derived ES cells. Within 2 years of the original
publications by Takahashi and Yamanaka, much progress
had been made, including the recent derivation of integ-
ration-free murine iPS cells [17,18]. Although the exact
mechanism of reprogramming remains unknown, only a
few challenges, including generation of integration-free
human iPS cells and improved ways of characterizing
them, remain before iPS cells could be used routinely in
pharmacological screens and regenerative medicine.

Pluripotent human ES cells had been derived before
[13], however, the derivation of iPS cells is of such great
importance because of the ease and reproducibility of
generating them. In contrast to SCNT, direct reprogram-
ming provides, for the first time, a realistic way of gen-
erating sufficient numbers of patient-specific pluripotent
stem cells. Such cells could be used for regenerative and
therapeutic purposes, as demonstrated inmousemodels of,
for example, sickle cell anemia and Parkinson’s disease,
respectively [19,20]. In addition, the iPS-cell technology
facilitates the generation of disease-specific lines [21,22]
that can be used as disease models in high-throughput
screening and mechanistic studies [23].

One crucial point that still needs to be addressed in
more detail is whether iPS cells are indeed identical to ES
cells. If not identical, it is important to assess the levels of
similarity that are sufficient for regenerative and screen-
ing purposes. This remains a relevant concern because
even human ES cells often show some deficiencies regard-
ing their differentiation potential [24].

In the following sections, we will review what is known
about the molecular characteristics and developmental
potential of iPS cells and compare them with ES cells.
Furthermore, we will discuss recent insights into the
mechanism of reprogramming, before concluding with a
discussion of recent progress and future directions in the
field of direct reprogramming.

Similarities and differences between iPS and ES cells
The finding that iPS cells have normal karyotypes, express
genes that characterize ES cells and maintain the devel-
opmental potential to differentiate into advanced deriva-
tives of all three primary germ layers – ectoderm,
endoderm and mesoderm – is a major breakthrough in
regenerative biology. Here, we summarize what is known
currently, based on analysis of the genome, transcriptome,
epigenome and developmental potential of ES and iPS
cells.

Genome

Genomic integrity is of crucial importance for the deri-
vation of high-quality iPS cells. This is particularly
relevant for any therapeutic application because genomic
alterations could result in diseases, such as cancer. Sev-
eral groups have investigated the karyotype of mouse [6]
and human [25,26] iPS cell lines. Some abnormalities
were observed in a few lines but it appears that the
majority of murine and human iPS cell lines exhibit a
normal karyotype (40 and 46 chromosomes, respectively).



Table 1. Characteristics of induced pluripotent stem (iPS) cell lines produced in human and mouse modelsa

Animal Reprogramming factorsb Cell type Time (weeks) Efficiency Refs

Mouse Viral-integrating vectors

O, K, S, M MEFs 2–3 0.01–0.50% [5–7,44,73]

O, K, S, M Hepatocytes 2–3 1–3% [28]

O, K, S, M Gastric epithelial cells 2–3 1–3% [28]

O, K, S, M B cells 2–3 0.01–0.10% [34]

O, K, S, M b-cells 3–4 0.1–0.2% [78]

O, K, S, M Neural stem cells 1–2 3–5% [62,63]

O, K, S MEFs 3–4 0.001–0.010% [57,60,73]

O, K, S Hepatocytes 2–3 0.5–1.0% [28]

O, K, M Neural stem cells 1–2 0.1–1.0% [62,63]

O, K, S Neural stem cells 2–3 0.1–1.0% [63]

O, M, S Neural stem cells 3–4 0.1–1.0% [63]

O, K Neural stem cells 2–3 0.1–0.2% [63]

O, M Neural stem cells 3–4 0.1–0.2% [63]

Non-integrating viral vectorsc

O, K, S, M Hepatocytes 4–5 0.0001 to 0.0010% [18]

Plasmid-based vectorsc

O, K, S, M MEFs 3–4 0.0001 to 0.0010% [17]

Human Viral-integrating vectors

O, K, S, M Dermal fibroblasts 4–5 0.001–0.002% [21,22,25]

O, K, L, N Dermal fibroblasts 2–3 N.D. [26]

O, K, S, M Bone marrow mesenchymal cells 2–3 N.D. [22]

O, K, N Dermal fibroblasts 2–3 N.D. [26]

O, K, L, Dermal fibroblasts 2–3 N.D. [26]

O, S, Kd Dermal fibroblasts 4 0.1–1.0% [61]

O, Sd Dermal fibroblasts 4 0.001–0.010% [61]

Abbreviations: MEFs, mouse embryonic fibroblasts; N.D., not determined.
aThe table shows the different combinations of transcription factors that induce nuclear reprogramming.
bO, Oct4; S, Sox2; M, c-Myc; K, Klf4; N, Nanog; L, Lin28.
cIntegration-free clones.
dValproic acid (VPA) was used in combination with the factors.
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Nevertheless, Aasen and colleagues showed that continu-
ous passaging of human iPS cells resulted in frequent
chromosomal abnormalities [karyotype 46,XY,t(17;20)
(p13;p11.2)] starting as early as approximately passage
13 [27]. This finding suggests that the long-term culture of
human iPS cells, similar to the situation for human ES
cells, has to be monitored carefully for culture-induced
genetic abnormalities.

The use of retroviral and lentiviral vectors for expres-
sing the reprogramming transcription factors involves the
risk of insertional mutagenesis, which would be a problem
if the cells were used in regenerative medicine. However,
Aoi and colleagues reported no common insertion sites in
hepatocyte- and stomach-cell-derived iPS cells [28]. In
addition, recent adenoviral and plasmid-based strategies
have further confirmed the notion that insertional muta-
genesis is not required for the reprogramming process
[17,18]. However, evenwithout viral integrations, it cannot
be ruled out completely that genetic changes might occur
as part of the reprogramming process. Finally, faithful
reactivation of mouse telomerase reverse transcriptase
(mTert) [29] and human hTert [22,25], as well as telomer-
ase activity [25], suggests that telomere length can also be
maintained in iPS cells. It is important to note that
decreasing DNA sequencing costs will soon enable signifi-
cantly higher resolution analysis of genomic integrity to be
achieved routinely. This will readily identify even minor
deletions, inversions or loss of individual alleles. Many of
these improvements will benefit the characterization of
future human iPS cells and ensure that they are safe to use
for therapeutic applications.
Transcriptome

Whole-genome expression profiling is a widely used
approach to compare and characterize different cell popu-
lations. Several groups have used gene-expression arrays
to analyze iPS cells [5–7,30]. Furthermore, our group has
used this approach to characterize the initial response to
the four transcription factors (Oct4, Sox2, Klf4 and c-Myc)
[30]. Ectopic expression of the POU domain transcription
factor Oct4 (POU5F1), the transcription factor Sox2,
Krueppel-like factor 4 (Klf4) and the c-Myc proto-onco-
gene protein in mouse embryonic fibroblasts initially
induces a response that is characterized by downregula-
tion of cell-type-specific transcription factors [29,30] and
upregulation of genes involved in proliferation, DNA
replication and cell-cycle progression. The latter (prolifer-
ation, DNA replication and cell-cycle progression) is prob-
ably a consequence of c-Myc overexpression [30]. In
addition to their role in ES cells, a subset of these four
factors has important roles in other cell types. Among
others, Sox2 is expressed in the developing central ner-
vous system and Klf4 is expressed in the epithelium of the
kidney (see later). Consistent with this notion, we have
observed that several neural and epidermal genes are
upregulated in the initial phase of reprogramming [30],
probably in response to the ectopic expression of Sox2 and
Klf4 [31,32].

During the reprogramming process, many genes
expressed in ES cells and linked to self-renewal are reac-
tivated, including Fgf4 (encoding fibroblast growth factor
4) and genes encoding proteins of the polycomb group
[5,30]. However, a large fraction of pluripotency-related
61
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genes are only upregulated during late stages of the pro-
cess [29,30,33].

An elegant system for minimizing the heterogeneity of
cells with different viral integrations was developed in the
Jaenisch lab [30,34,35]. Inducible lentiviral vectors were
used to generate iPS cells (primary iPS cells). These
primary iPS cells were injected subsequently into blasto-
cysts and so-called secondary somatic cells were derived.
All secondary cells contained the same viral integration
sites for the four doxycycline-inducible transgenes. This
eliminated the heterogeneity caused by having varying
numbers of cells that contain the right combination of
factors. Interestingly, despite universal induction of trans-
gene expression using these secondary mouse embryonic
fibroblasts (MEFs) [30,34,35] or human fibroblast-like cells
[36,37], the majority of cells do not complete the repro-
gramming process. In the mouse model, it seems that most
cells respond by activating stress-induced and anti-prolif-
erative genes, followed by differentiation and cell arrest
[30]. These endogenous and potentially tumor-suppressive
‘anti-reprogramming’ mechanisms are a probable expla-
nation for why the reprogramming efficiency remains low
even in a system that guarantees that every cell contains
the correct number of functional factors [30]. It still needs
to be determined whether similar mechanisms are respon-
sible for the low efficiency of human cell reprogramming.

Studies of murine and human iPS cells have shown that
the established iPS cell lines express key markers of ES
cells, using RT-PCR and immunocytochemistry [5–7]. In
addition, global gene-expression analysis using microar-
rays has shown that mouse and human iPS cells cluster
with their respective ES- and iPS-cell counterparts, rather
than with the source population of somatic cells [5–7].
Nonetheless, most groups note that iPS cells are not
identical to ES cells. Takahashi and colleagues compared
the global gene-expression profile of human iPS and
human ES cells for 32 266 transcripts [25]. Notably,
1267 (�4%) of the genes were detected with >5-fold differ-
ence in up- or downregulation between iPS cells and
Figure 2. Epigenetic marks in somatic cells and pluripotent cells. In differentiated cell

enrichment for H3K4me3 and lack of DNA methylation. Some early developmental gene

associated genes show high levels of DNA methylation. In pluripotent cells, these

methylation. Many of the developmental genes show a ‘bivalent’ chromatin configurat
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human ES cells. In a different study, the expression of
key pluripotency-related genes, such as OCT4, SOX2 and
REX1, was approximately two-fold lower in the iPS cells
comparedwith two humanES cell lines, HSF1 andH9 [38].
Pluripotent cells are highly susceptible to the levels of
these transcription factors (TFs) [39] and there is a notable
amount of normal transcriptional heterogeneity in human
ES-cell cultures [24]. Therefore, the observed variation
could reflect differences in the cultures rather than incom-
plete reprogramming. With the current data, it is difficult
to discern between these possibilities. More work on
human ES cells is thus required to better understand
the extent of normal transcriptional variation within
human and also mouse ES cells.

Epigenome

By regulating chromatin structure, epigenetic modifi-
cations have an essential role in controlling access to genes
and regulatory elements in the genome [33]. The epigenetic
status of a somatic cell and pluripotent stem cell is vastly
different and conversion would require global ‘epigenetic
reprogramming’ (Figure 2). Analysis of the epigenetic state
therefore provides a meaningful way of determining the
degree of reprogramming in iPS cells.

For instance, pluripotent stem cells contain a charac-
teristic chromatin signature, termed ‘bivalent domains’
[40,41]. These are regions enriched for repressive histone
H3 lysine 27 trimethylation (H3K27me3) and simul-
taneously for histone H3 lysine 4 trimethylation
(H3K4me3), an activating mark [42]. It was assumed
initially that bivalent domains might be ES-cell specific
because they were first identified using chromatin-immu-
noprecipitation (ChIP) followed by hybridization to micro-
arrays (ChIP-Chip) that featured key developmental
regulators. All of these resolved either to a univalent
(H3K4me3 only or H3K27me3 only) state or lost both
marks in differentiated cells [40]. Using ChIP-seq (ChIP
followed by high-throughput sequencing) technology, Mik-
kelsen and colleagues later showed that bivalent domains
s, many developmental and differentiation associated genes are active and show

s have been silenced through polycomb-mediated H3K27me3 and all pluripotency-

pluripotency-associated genes are active and show H3K4me3 and lack of DNA

ion and tissue-specific genes tend to be DNA methylated.
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are more generally indicative of genes that remain in a
poised state. Consequently, pluripotent cells were found to
contain large numbers of bivalent domains (�2500) com-
pared with, for instance, multipotent neural progenitor
cells (NPCs) (�200) that still retain multilineage potential
but are more restricted than ES cells [43].

Several of the murine iPS-cell studies have investigated
a small number of representative loci for their chromatin-
and DNA methylation patterns [5–7]. Two studies in
mouse have investigated the epigenome of iPS cells at a
larger scale. Maherali and colleagues used ChIP-Chip to
investigate the presence of H3K4me3 and H3K27me3 in
the promoter regions of �16 500 genes in one iPS cell line
[7]. The results suggested that iPS cells were highly similar
in their epigenetic state to ES cells, with 94.4% of 957
‘signature’ genes (defined as genes that have a different
epigenetic state betweenMEFs and ES cells) being reset to
an ES-cell state in the respective iPS cell line. The authors
also noted that the H3K4me3 pattern was similar across
all samples, indicating that reprogramming was largely
associated with changes in H3K27me3 rather than
H3K4me3. Mikkelsen and colleagues have applied the
more comprehensive ChIP-Seq technique to determine
genome-wide chromatin maps in several iPS lines that
were derived in distinct ways: (i) through drug selection
using an Oct4–neomycin-resistance gene [6], (ii) through
drug selection using a Nanog–neomycin-resistance gene
[6], and (iii) by simply isolating reprogrammed cells
through their morphological appearance [44]. Overall glo-
bal levels of repressive H3K27me3 and the characteristic
bivalent chromatin structure are restored across the differ-
ent iPS cell lines [30]. The restoration of repressive chro-
matin marks appears crucial to stably silence lineage-
specific genes that are active in somatic cells and inactive
in undifferentiated pluripotent cells [30]. Failure to estab-
lish the repressive marks resulted in incompletely repro-
grammed cells [30]. Notably, ‘activating’ H3K4me3
patterns are also crucial for complete reprogramming
and have been observed to be restored genome-wide, in
particular around the promoters of pluripotency-associ-
ated genes, such as Oct4 and Nanog, in the fully repro-
grammed iPS lines in this study [30].

A second component of the epigenetic machinery is DNA
methylation, which is a stable and heritable mark that is
involved in many biological processes, including gene regu-
lation, genomic imprinting and X-chromosome inacti-
vation. DNA-methylation patterns are dynamic during
early embryonic development and are essential for normal
post-implantation development [45]. Although overall
DNA methylation levels remain stable during ES-cell
differentiation, they are not static [43].

Notably, H3K4me3 and DNAmethylation are mutually
exclusive and so never present at the same time [43]. The
re-establishment of H3K4me3 and the associated loss of
DNA methylation in particular at ‘ES-cell-associated tran-
script’ (ECAT) genes seems to be a crucial and potentially
rate-limiting step during reprogramming [30]. ECATs are
expressed at high levels in ES cells and show low meth-
ylation levels at their promoters in pluripotent cells and
high levels at their promoters in somatic cells [46]. There-
fore, the loss of DNAmethylation is essential for achieving
complete reprogramming. For instance, in their initial
study, Takahashi and colleagues found that iPS cells
selected with F-box containing protein 15 (Fbx15) did
not reactivate endogenous Oct4 and Nanog genes and
the respective promoters remained methylated [5]. Inter-
estingly, loss of DNA methylation at this class of genes
seems to be a rather late event in the reprogramming
process because cells that have already acquired self-
renewing properties still showed high levels of DNA meth-
ylation [30]. Consistent with the notion that DNA meth-
ylationmight be a crucial step, 5-azacytidine, a well-known
inhibitor of DNA methylation, can overcome this major
roadblock and accelerates the reprogramming of lineage-
restricted cells to iPS cells [30].

The resolution and comprehensiveness of the analyses
of current techniques suggest that the overall epigenetic
state of iPS cells is highly similar to that of ES cells,
although cell line-to-line variation complicates the com-
parison. Furthermore, although comparisons have been
made between iPS cell lines derived from different donor
cell types and selection conditions, it still needs to be tested
whether lines derived through different factor combi-
nations, fewer factors or in combination with chemicals
are reprogrammed to a similar extent. Furthermore, it is
worth noting that current reprogramming protocols
require cells to be kept in culture for an extended period
of time with significant proliferation and possibly under
selective pressure. Extended cell culture of differentiated
cells is known to alter the epigenetic state of the respective
cells over time [43,47]. In particular, imprinted genes can
only be reset in the germline and are unstable in murine
ES-cell cultures [48], although apparently not in human
ES cells [49]. Because loss of imprinting has been associ-
ated with pathologies, including cancer [50], this warrants
further investigation and it will be important to design
effective ways to screen iPS cells routinely for a normal
epigenetic state.

Developmental potential

Investigating a cell’s transcriptional and epigenetic state is
highly informative and it might ultimately be possible to
characterize newly derived iPS cell lines based on their
epigenome alone. However, to understand and select the
most informative markers, it is important to use in vivo
assays, analyzing the interplay between transcriptome,
epigenomeanddevelopmentalpotential. Recently, Jaenisch
and Young provided a detailed comparison of the different
strategies for assessing developmental potential and their
stringency [1]. In vitro differentiation is the least stringent
assay and tetraploid-embryo complementation is the most
stringent assay for testing developmental potential [1,51].
Although these strategies provide awide array of functional
assays for determining the developmental potential of plur-
ipotent cells in the mouse, in vitro differentiation and ter-
atoma formation are the only available methods for testing
the potential of human iPS cells. This makes a comprehen-
sive and careful characterization of the pluripotent epige-
netic and transcriptional state of human iPS cells a crucial
substitute for assessing their developmental potential

Murine induced pluripotent cells appear to have a
developmental potential close to that of ES cells. Different
63
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groups have evaluated developmental potential by tera-
toma and chimera formation [5–7]. Histological analysis
demonstrated that iPS cells gave rise to teratomas com-
prising all three embryonic germ layers. Injection of iPS
cells into diploid (2N) blastocysts, similar to ES cells,
frequently gives rise to high-contribution chimeras (mice
that showmajor tissue contribution of the injected iPS cells
in the host mouse), as shown by many different research
groups [5–7]. A subset of these chimeras has successfully
demonstrated germline contribution. Only two reports
have so far used the most stringent assay, tetraploid-
embryo complementation [6,44]. Although several of the
iPS cell lines in that study generated high-contribution
chimeras, including one karyotypically abnormal line,
varying degrees of development were observed in the
tetraploid-complementation assay [6]. Some iPS cell lines
without any apparent defects and with similar expression
profiles continuously failed to support development of
tetraploid (4N) embryos, whereas other iPS lines could
generate mid–late-gestation 4N embryos. No viable term
embryos using the tetraploid-complementation assay have
been reported for any iPS cell line to date. Given the
number of attempts and the generally lower efficiency of
tetraploid versus diploid injections, it is difficult to draw
any conclusions at this point. Several reasons not related to
the reprogramming could be responsible for the failure,
including leaky expression of viral vectors or small genetic
lesions. These concerns could be addressed using newer
adenoviral or plasmid-based iPS cells [17,18].

Mechanism of reprogramming
The most widely used set of reprogramming factors – Oct4,
Sox2, Klf4 and c-Myc – was identified initially by screening
24 pre-selected factors in the murine system by Shinya
Yamanaka’s group [5]. The same combination of factors is
sufficient for human cells [25]. A second team later ident-
ified a partially overlapping combination of factors – Oct4,
Sox2, Nanog and Lin-28 [26] (Table 1). Below, we sum-
marize what is known about the different reprogramming
factors and then draw together recent developments and
initial mechanistic insights.

Oct4

Oct4 (octamer-binding transcription factor 4, also known
as Oct 3 and Pou5f1) was first described as a protein
present in unfertilized oocytes, ES cells and primordial
germ cells [52]. Its expression is essential for the devel-
opment of the inner cell mass (ICM) in vivo, the derivation
of ES cells and the maintenance of a pluripotent state [53].
The precise levels of Oct-3/4 govern three distinct fates of
ES cells [39]. Within a narrow window of expression, ES
cells retain an undifferentiated, pluripotent state. A less
than twofold increase in expression causes differentiation
into primitive endoderm and mesoderm, whereas repres-
sion of Oct-3/4 induces loss of pluripotency and differen-
tiation into trophectoderm [39].

Sox2

SRY (sex-determining region Y)-box 2, known as Sox2, is a
transcription factor involved in the self-renewal of ES cells.
It has an important role in maintaining ES-cell pluripo-
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tency and heterodimerizes in a complex with Oct4 [54]. In
human ES cells, SOX2 has 1279 binding sites and OCT4
has 623 binding sites. A total of 404 of these are overlap-
ping and 87% (353) of these sites also overlap withNANOG
(1687 binding sites) targets [55]. In addition to ES cells,
Sox2 is also expressed in the extra-embryonic ectoderm,
trophoblast stem (TS) cells and the developing central
nervous system (neural stem cells) [31,56]. In these cell
lineages, Sox2 expression is restricted to cells with stem-
cell characteristics supporting their self-renewal capability
and is no longer expressed in cells with a more restricted
developmental potential [31]. Interestingly, forced expres-
sion of Oct4 can compensate for loss of Sox2 in ES cells [56]
and, in direct reprogramming, Sox2 can be replaced by
Sox1, Sox3 and, to a lesser extent, Sox15 or Sox18 [57].

c-Myc

c-Myc is a pleiotropic transcription factor that has been
linked to several cellular functions, including cell-cycle
regulation, proliferation, growth, differentiation and
metabolism [58]. This factor tends to be highly expressed
in the majority of rapidly proliferating cells and is gener-
ally low or absent during quiescence [59]. c-Myc also func-
tions during both self-renewal and the differentiation of
stem and progenitor cells, particularly in interactions
between stem cells and the local microenvironment [56].
A large number of binding sites have been reported
throughout the genome and c-Myc appears to be involved
in recruiting chromatin-remodeling activities to promoters
[59]. The role of c-Myc in reprogramming is not clear yet. It
is dispensable for the generation of iPS cells in mouse and
human [57,60–63] (Table 1) but the efficiency of reprogram-
ming decreases dramatically. It can also be replaced by
other family members, such as n-Myc and l-Myc, to repro-
gram somatic cells to an ES-like status [57].

Klf4

Krüppel-like factor 4 (Klf4) is a transcription factor
expressed in a variety of tissues, including the epithelium
of the intestine, kidney and the skin [64]. Depending on the
target gene and interaction partner, Klf4 can both activate
and repress transcription [32] and a growing body of
evidence suggests that Klf4 can function both as an onco-
protein and tumor suppressor [65]. Constitutive expres-
sion of Klf4 suppresses cell proliferation by blocking G1–S
progression of the cell cycle [65]. In human colorectal
carcinoma, KLF4 appears to be downregulated, with evi-
dence of hypermethylation and loss of heterozygosity [65].
Recently, it has been demonstrated that the forced over-
expression of Klf4 in ES cells inhibits differentiation in
erythroid progenitors, suggesting a role for this factor in
ES-cell function [66]. Its exact role in the reprogramming
process is also not fully understood and it can be replaced
with other Klf family members (Klf2 and Klf5) [57] or the
unrelated factors Nanog and Lin28 [26].

Nanog

Nanog was first described as a factor that was involved in
maintaining ES-cell self-renewal and pluripotency [67,68].
Smith and colleagues termed the factor Nanog, after the
mythological Celtic land of the ever-young, ‘Tir nan Og’.



Figure 3. Directed differentiation of iPS cells. Mouse and human iPS cells have

already been differentiated into a variety of disease-relevant cell types, including

neural cells [5], dopaminergic neurons [20], motoneurons [21], cardiac muscle [79],

hematopoietic progenitor cells and blood cells [19]. As pluripotent cells, iPS cells

have the ability to generate all cell types and this is only limited currently by the

ability to specifically direct the differentiation into other cell types.
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Nanog is thought to operate in concert with other crucial
‘stemness’ factors, such as Oct4 and Sox2, to establish the
identity of ES cells [67]. Nanog expression is found in the
interior cells of the compacted morula and the ICM of the
blastocyst [67]. On implantation, Nanog expression is
detected only in the epiblast and is eventually restricted
to primordial germ cells [67]. It is of interest that it was
reported initially that Nanog-deficient ES cells completely
lose their self-renewal capability, differentiating into
extra-embryonic cell lineages [67].More recently, a slightly
more refined role of Nanog has been proposed. According to
new data, loss of Nanog predisposes ES cells to differen-
tiation but does not mark commitment and is reversible
[69]. Interestingly, Nanog is not an essential factor for iPS-
cell generation and does not appear to notably affect the
efficiency (Table 1).

Lin-28

Lin-28 is a conserved RNA-binding protein involved in
developmental timing in Caenorhabditis elegans [70]. In
mammals, Lin-28 (also known as zinc finger CCHC
domain-containing protein 1) is expressed in ES cells
and during early embryogenesis but its expression
becomes restricted to several tissues during late embry-
ogenesis and adult life. Several groups have demonstrated
that Lin-28 operates as a ‘translational enhancer’ in
embryonic and adult cells. It can increase the stability of
specific mRNAs and contribute to the identity establish-
ment of the tissue in which it is expressed [71]. Viswa-
nathan and colleagues showed that Lin-28 blocks
processing of the let7 miRNA, thus suggesting a role in
controlling miRNA-mediated differentiation in stem cells
[72].

Mechanistic insights

The mechanism of nuclear reprogramming is a complex
process that remains largely elusive. It is unclear what the
exact role of each of these factors is and whether the
different combinations of factors act through a similar
mechanism during conversion towards a reprogrammed
state. Clonal cell lines have been derived that can be
maintained in relatively stable ‘partially reprogrammed’
states using Oct4, Sox2, Klf4 and c-Myc [30]. These cells
represent a powerful tool for the identification of transcrip-
tional and epigenetic changes before reaching a pluripo-
tent state. This has provided many general insights into
the reprogramming process. Notably, the reactivation of
genes in MEFs is strongly correlated with chromatin sta-
tus. Genes that are in open or accessible chromatin
(H3K4me3 and also H3K4me3–H3K27me3) respond much
more readily to the ectopic expression of the four factors.
By contrast, genes that are repressed by H3K27me3 or
DNA methylation show inefficient and delayed reactiva-
tion. This is consistent with the observation that histone-
deacetylation (HDAC) inhibitors [61,73] and DNA-meth-
ylation inhibitors [30] can distinctly increase the repro-
gramming efficiency.

Recent work using adenoviral vectors or simple plas-
mid-based transfection protocols has finally demonstrated
that insertional mutagenesis is not required for the repro-
gramming process [17,18]. It remains to be tested whether
this would, however, increase the lower efficiency of the
two reported non-integrating strategies. Owing to its high
reproducibility and simplicity (compared with the more
complex handling and generation of adenovirus), the tran-
sient transfection technique appears easily scalable and
would find widespread application if demonstrated in
human cells [17,18].

Towards clinical applications of iPS cells
Based on the data that we have reviewed here, including
the ability of iPS cells to generate all lineages of the embryo
and to contribute to chimera formation, we can conclude
that iPS cells have a developmental potency comparable to
ES cells. Furthermore, iPS cells have already been differ-
entiated into various functional cell types, including
neurons, cardiomyocytes and hematopoeitic cells
(Figure 3) [19–21]. Similar to previous proof-of principle
experiments using a combination of gene targeting and
nuclear transfer [15], the combination of direct reprogram-
ming and gene targeting can be used for therapeutic
purposes in the mouse [19,20]. For instance, Hanna and
colleagues used a humanized sickle cell anemia mouse
model and showed that it is possible to correct the defect
by coupling gene targeting and direct reprogramming [19].
The differentiated iPS cells could rescue the disease phe-
notype when transplanted into the donor mice. Similarly,
Wernig and colleagues showed that iPS-cell-derived dopa-
minergic neurons could alleviate the disease phenotype in
a rat model of Parkinson’s disease [20]. These murine
experiments suggest that, in principle, human iPS cells
could also be used for regenerative and therapeutic appli-
cations. Nonetheless, there are several issues that need to
be addressed before iPS cells could find broader clinical
applications. Many of these issues are, in fact, not unique
65
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to iPS cells but have already been noted for human ES
cells: (i) it still needs to be demonstrated that human iPS
cells can be generated without introduction of DNA to the
genome (i.e. via adeno- or plasmid-based approaches); (ii)
the manipulation of human ES and iPS cells is still sig-
nificantly less efficient that in themouse and this efficiency
needs to be improved for routine gene targeting; (iii) some
cell types can already be generated through directed differ-
entiation of human ES/iPS cells, however, it will need a
major effort to be able to generate all desired cell types; (iv)
in addition, once such differentiation is possible, it still
needs to be determined how comparable the in vitro-
derived cell types are when compared with their in vivo
counterparts and how to isolate them at sufficient purity;
(v) along those lines, a general and efficient way of char-
acterizing large numbers of human iPS and iPS-derived
cells needs to be developed to provide a routine, high-
throughput method for quality control.

Before moving any iPS cells into the clinic, they might
probably find more immediate application in drug screens
and basic research. However, some of the above-mentioned
points also apply here, in particular, a better understand-
ing of the quality and homogeneity of the iPS and iPS-
derived cell types. This is relevant, for example, when
differentiating disease-specific iPS cells (e.g. amyotrophic
lateral sclerosis [ALS]-iPS cells) into the affected cell types
(motor neurons) to investigate compounds that could ame-
liorate the phenotype. It is important to be able to dis-
tinguish culture- and reprogramming-induced phenotypes
from the actual disease phenotype that the screen is tar-
geting. The field of stem-cell biology and its translation
towards clinical applications have made tremendous pro-
gress over recent years and there is reason for optimism,
however, it might still take years before all of the issues
raised here have been addressed satisfactorily.

Concluding remarks
The generation of induced pluripotent stem cells is likely to
have a major impact on regenerative medicine. Recent
developments allow for cautious optimism that the remain-
ing obstacles to medical applications, such as the use of
viruses or even any kind of exogenous DNA, will soon be
Box 1. Outstanding questions

� Can integration-free approaches be translated into human cells?

� Is the mechanism of human and mouse iPS-cell generation the

same?

� Oct4 and Sox2 are the core factors across all combinations of

factors needed for iPS reprogramming. What is the exact role of

the non-essential factors (Klf4, c-Myc, Lin-28 and Nanog)?

� Does insertional mutagenesis increase reprogramming efficiency

in non-integrating strategies?

� Human ES cells are distinct from and more variable than mouse

ES cells. What variations exist in human iPS cells and what is the

cause of this variation?

� How will future iPS cells be screened for quality?

� How can the iPS-derived cell types best be evaluated before

application?

� Is it possible to reprogram human cells with small molecules

alone?

� Can this approach be automated and scaled to enable routine

generation of human iPS cells for every patient?
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overcome for human cell types (Box 1). Transcription-
factor-mediated reprogramming has exciting biomedical
applications, such as the generation of customized plur-
ipotent stem cells for therapeutic purposes and, more
immediately, the generation of disease-specific iPS cell
lines for drug screening and disease modeling [19–21].
However, the utility of iPS technology goes beyond these
reprogramming applications. Reprogramming somatic
cells to convert them into iPS cells provides a method
for amplifying single somatic cells ‘in vivo’ and can be
applied to ask mechanistic questions, as has been done
usingmonoclonal mice derived by nuclear transfer [74–76].

To realize the full therapeutic potential of iPS technol-
ogy, it will be necessary to develop novel and improved
quality assessments that can be used readily to determine
the exact cellular state of future reprogrammed cells,
regardless of whether they are iPS cells or somatic cells
that have been converted directly into other somatic cells
[77]. New technologies, including genome-wide epigenetic
profiling and stem-cell-focused reference epigenome map-
ping efforts, such as theNIHRoadmap for Epigenetics, will
certainly be valuable to allow progress in this exciting field.
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