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SUMMARY

Induced pluripotency defines the process by which somatic cells are converted into induced pluripotent
stem cells (iPSCs) upon overexpression of a small set of transcription factors. In this article, we put
transcription factor–induced pluripotency into a historical context, review current methods to generate
iPSCs, and discuss mechanistic insights that have been gained into the process of reprogramming. In
addition, we focus on potential therapeutic applications of induced pluripotency and emerging technol-
ogies to efficiently engineer the genomes of human pluripotent cells for scientific and therapeutic
purposes.
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OVERVIEW

Somatic cell nuclear transfer experiments in animals showed
that the genome of a differentiated cell remains equivalent to
that of a fertilized egg. Consequently, differential gene expres-
sion responsible for the formation of the 200 cell types of our
body is the result of reversible epigenetic changes that are
imposed on the genome during development. This seminal
discovery raised fundamental questions about the mecha-
nisms by which a somatic genome is epigenetically repro-
grammed to an early embryonic state. In addition, the
marriage of cloning and embryonic stem cell technology pro-
vided a means to generate custom-tailored cells in potential
therapeutic settings. Although ethical, legal, and biological
barriers associated with somatic cell nuclear transfer prevent-
ed significant progress toward this goal over the past 10 years,
it motivated attempts to directly reprogram adult cells into

pluripotent cells. Indeed, this concept was realized in 2006
by the isolation of induced pluripotent stem cells (iPSCs) di-
rectly from skin cells. iPSCs are generated by activating a
handful of embryonic genes in somatic cells, giving rise to
cells that closely resemble embryonic stem cells without
ever going through development. Studies on the process of
induced pluripotency have yielded important insights into the
mechanisms by which transcription factors and epigenetic
regulators cooperate to establish cell fates during develop-
ment. They further revealed an unexpected plasticity of the
differentiated cell state and led to the successful interconver-
sion of other differentiated cell types by activating alternative
sets of genes. Importantly, iPSCs have been derived from hu-
man patients, raising the possibility that these cells could be
used to study and, perhaps, treat degenerative diseases.
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1 HISTORY OF CELLULAR REPROGRAMMING

The discovery of induced pluripotency represents the syn-
thesis of scientific principles and technologies that have
been developed over the last six decades (Fig. 1) (Stadtfeld
and Hochedlinger 2010). These are notably (1) the demon-
stration by somatic cell nuclear transfer (SCNT) that differ-
entiated cells retain the same genetic information as early
embryonic cells; (2) the development of techniques that al-
lowed researchers to derive, culture, and study pluripotent
cell lines; and (3) the observation that transcription factors
are key determinants of cell fate whose enforced expression
can switch one mature cell type into another. In this section,
we will briefly summarize these three areas of research and
the influence they have had on the generation of iPSCs.

1.1 Nuclear Transfer and the Cloning of Animals

During mammalian development, cells gradually lose po-
tential and become progressively differentiated to fulfill the

specialized functions of somatic tissues. For example, only
zygotes and blastomeres of early morulae (Kelly 1977) re-
tain the ability to give rise to all embryonic and extraem-
bryonic tissues and are therefore called “totipotent,”
whereas cells of the inner cell mass (ICM) of the blastocyst
give rise to all embryonic, but not to extraembryonic tis-
sues, and are hence coined “pluripotent.” Stem cells resid-
ing in adult tissues can only give rise to cell types within
their lineage and are, depending on the number of cell types
they produce, either called “multipotent” or “unipotent”
(Table 1). On terminal differentiation, cells entirely lose
their developmental potential.

During the 1950s and 1960s, Briggs and King estab-
lished the technique of SCNT or “cloning” to probe the
developmental potential of nuclei isolated from late-stage
embryos and tadpoles by transplanting them into enucle-
ated oocytes (Fig. 1) (Briggs and King 1952, 1957). This
work, together with seminal experiments by John Gurdon
(Gurdon 1962), showed that differentiated amphibian cells
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Figure 1. Historic time line of reprogramming research. Shown are seminal discoveries leading to the first generation
of iPSCs in 2006, as well as progress in the generation and subsequent application of iPSCs.
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indeed retain the genetic information necessary to sup-
port the generation of cloned frogs. The major conclusion
from these experiments was that development imposes re-
versible epigenetic rather than irreversible genetic changes
on the genome during cellular differentiation. The cloning
of Dolly the sheep (Wilmut et al. 1997) and several other
mammals from adult cells (Meissner and Jaenisch 2006)
including terminally differentiated cells (Hochedlinger and
Jaenisch 2002; Eggan et al. 2004; Inoue et al. 2005) showed
that the genome of even fully specialized cells remains ge-
netically totipotent (i.e., can support the development of
an entire organism). However, most cloned animals show
subtle to severe phenotypic and gene expression abnormal-
ities, suggesting that SCNT results in faulty epigenetic re-
programming (Hochedlinger and Jaenisch 2003; see also
Jaenisch and Gurdon 2007 for a detailed discussion of
SCNT).

1.2 Pluripotent Cell Lines and Fusion Hybrids

Although SCNT is a powerful tool to probe the develop-
mental potential of a cell, it is technically challenging and
not well suited for genetic or biochemical studies. A major
advance toward isolating iPSCs was the establishment of
immortal pluripotent cell lines that maintained their abil-
ity to differentiate into essentially all cell types of the body
when reintroduced into early embryos. Pluripotent stem

cell lines were initially derived from teratocarcinomas, tu-
mors of germ cell origin, giving rise to so-called embryonal
carcinoma (EC) cells (Kleinsmith and Pierce 1964). Al-
though EC cell lines fulfilled some pluripotency criteria
(Table 2) such as teratoma formation and chimera contri-
bution, they rarely contributed to the germline because of
their tumorigenic origin. These findings motivated at-
tempts to isolate pluripotent cell lines directly from embry-
os and subsequently led to the derivation of embryonic
stem (ES) cells from the ICM of mouse and human blasto-
cysts (Fig. 2) (Evans and Kaufman 1981; Martin 1981;
Thomson et al. 1998). Mouse ES cells not only contribute

Table 1. Definition of some terms

Potency
Sum of developmental options accessible

to the cell

Totipotent Ability to form all lineages of the
organism; in mammals, only the zygote
and first cleavage blastomeres are
totipotent.

Pluripotent Ability to form all lineages of the body
(e.g., embryonic stem cells).

Multipotent Ability of adult stem cells to form multiple
cell types of one lineage (e.g.,
hematopoietic stem cells).

Unipotent Cells form one cell type
(e.g., spermatogonial stem cells,
which can only generate sperm).

Reprogramming Increase in potency and dedifferentiation;
can be induced by nuclear transfer, cell
fusion, genetic manipulation.

Transdifferentiation,
plasticity

Notion that somatic stem cells have
broadened potency and can generate
cells of other lineages, a concept that is
controversial in mammals. More
recently, transdifferentiation also refers
to transcription factor–induced
lineage conversions among
differentiated cell types.

Table 2. Commonly used functional criteria to assess the develop-
mental potential of cells

Assay
Experimental

approach Limitations

In vitro
differentiation

Differentiation is
induced in
cultured cells, and
cells are assayed
for the expression
of cell type–
specific markers.

The expression of
differentiation
markers is no test
for functionality;
marker expression
can be due to
cellular stress
response.

Teratoma formation The induction of
tumors shows the
potential to
generate
differentiated cell
types of various
lineages.

Does not test for the
ability of cells to
promote normal
development.

Chimera formation Cells injected into a
host blastocyst can
be assessed for
their contribution
to normal
development.

Host-derived cells in
chimera may
complement cell
nonautonomous
defects.

Germline
contribution

Ability of test cells
to generate
functional germ
cells.

Excludes genetic, but
not epigenetic,
defects that could
interfere with
promoting
development.

Tetraploid
complementation

Injection of test cells
into 4n host
blastocyst. Because
4n host cells
cannot contribute
to somatic
lineages, an
embryo is
exclusively
composed of test
cells.

Most stringent test for
pluripotency; does
not test for the
ability to form the
trophectoderm
(placental) lineage.
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to adult tissues, including germ cells in chimeric mice, but
also support the development of entirely ES cell–derived
animals after injection into tetraploid blastocysts (Nagy
et al. 1990; Eggan et al. 2001). Tetraploid blastocysts are
generated by electrofusion of fertilized two-cell embryos;
these embryos can only develop into extraembryonic tis-
sues (i.e., the placenta), but fail to give rise to the fetus. This
“tetraploid complementation assay” (referred to in Table 2)
represents the most stringent developmental assay available
in the mouse to test for pluripotency. ES cell lines can also
be derived from cloned mouse (Munsie et al. 2000; Waka-
yama et al. 2001) and human (Tachibana et al. 2013) blas-
tocysts generated by SCNT, generating so-called NT-ES
cells (Fig. 2). In contrast to the abnormalities seen in di-
rectly cloned animals, NT-ES cells are molecularly and
functionally indistinguishable from fertilization-derived
ES cells, presumably because of a selection of faithfully
reprogrammed cells in culture (Brambrink et al. 2006; Wa-
kayama et al. 2006).

The study of hybrids generated by cell fusion between
different cell types has also been instrumental for the iden-
tification of factors that could directly induce pluripotency
in somatic cells (Yamanaka and Blau 2010). Specifically,

when EC or ES cells are fused with somatic cells, the result-
ing hybrid cells acquire biochemical and developmental
properties of pluripotent cells and extinguish features of
the somatic fusion partner (Fig. 2) (Miller and Ruddle
1976; Tada et al. 2003). This dominance of the pluripotent
state over the somatic state in hybrids suggested that soluble
transacting factors must exist within pluripotent cells that
can confer a pluripotent state on somatic cells and these
factors should be identifiable (Yamanaka and Blau 2010).

1.3 Transcription Factors and Lineage Switching

The third principle that contributed to the discovery of
induced pluripotency was the observation that lineage-
associated transcription factors can change cell fate when
ectopically expressed in certain heterologous cells. Tran-
scription factors help to establish and maintain cellular
identity during development by driving the expression of
cell type–specific genes while suppressing lineage-inap-
propriate genes. This principle was first shown by the for-
mation of myofibers in fibroblast cell lines transduced with
retroviral vectors expressing the skeletal muscle transcrip-
tion factor MyoD (Davis et al. 1987). Subsequently, Graf
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Figure 2. Sources of pluripotent stem cells. Comparison of different strategies used to derive pluripotent stem cell
lines; their advantages (in green) or disadvantages (in red) are summarized at the bottom of each column. ES cells,
embryonic stem cells; NT-ES cells, nuclear transfer-ES cells.
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and colleagues discovered that primary B and T cells could
be efficiently converted into functional macrophages
on overexpression of the myeloid transcription factor
C/EBPa (Xie et al. 2004; Laiosa et al. 2006). More recently,
researchers have identified sets of transcription factors that
induce the conversion of pancreatic acinar cells into insu-
lin-producing b cells by overexpressing the pancreatic fac-
tors MafA, Pdx,1 and Ngn3 (Zhou et al. 2008). Similarly,
the conversion of fibroblasts into neurons can be achieved
by the activation of the neural factors Ascl1, Brn2, and
Myt1l (Vierbuchen et al. 2010); fibroblasts can be made
into cardiomyocytes by the cardiac factors Gata4, Mef2c,
and Tbx5 (Ieda et al. 2010); and fibroblasts can be convert-
ed into hepatocytes on overexpression of HNF1alpha,
Foxa3, and optionally Gata4 factors (Huang et al. 2011).
The early muscle and immune cell transdifferentiation ex-
periments provided the intellectual framework for a more
systematic search for transcription factors that could in-
duce the conversion of differentiated cells to a pluripotent
state as discussed below (see also Takahashi 2014).

2 GENERATION OF iPSCs
2.1 Screen for Reprogramming Factors

To identify transcriptional regulators that are sufficient for
reprogramming adult cells into pluripotent cells, Yamanaka

and Takahashi devised an elegant screen for factors that
could activate a dormant drug resistance allele integrated
into the ES cell–specific Fbxo15 locus (Fig. 3). This selec-
tion approach was chosen to ensure that potentially rare
reprogrammed cells could be detected and nonrepro-
grammed colonies and transformed cells would be elim-
inated. The investigators selected 24 genes that were
specifically expressed in pluripotent cells or had previously
been implicated in ES cell biology. The combination of all 24
factors, when coexpressed from retroviral vectors in mouse
fibroblasts, indeed activated Fbxo15 and induced the for-
mation of drug-resistant colonies with characteristic ES cell
morphology, albeit at extremely low efficiencies (0.01%–
0.1%; Fig. 3) (Takahashi and Yamanaka 2006). Successive
rounds of elimination of individual factors from the gene
cocktail then led to the identification of the minimally re-
quired core set of four factors, Klf4, Sox2, c-Myc, and Oct4.
iPSCs generated by this selection approach also expressed
markers of pluripotent stem cells such as the surface an-
tigen SSEA-1 and Nanog, generated teratomas when inject-
ed subcutaneously into immunocompromised mice, and
contributed to different tissues of the developing embryo
upon blastocyst injection, thereby meeting some criteria
of pluripotency (Table 2). However, these iPSCs expressed
lower levels of several other key pluripotency genes com-
pared to ES cells, showed incomplete reprogramming of

Oct4, Sox2, Klf4, c-Myc
(in retroviral vectors)

Partially reprogrammed iPSC

Fully reprogrammed iPSC

Fully reprogrammed iPSC

Pluripotent cellsSomatic cell

Fbxo15

Oct4

Nanog

Neomycin

Neomycin

Puromycin

OFF ON

ES cell
promoter Resistance gene ES cell

promoter Resistance gene

RFs

Test promoter: Resistance gene: Assay result:

RFs

Figure 3. Strategy to derive iPSCs. (Top) Schematic representation of the first successful attempt to produce iPSCs by
Takahashi and Yamanaka. (Bottom) The genetic assay system used to screen for factors that could reprogram to
pluripotency (reprogramming factors [RFs]). Partial reprogramming to iPSCs was achieved by viral infection of cells
with Oct4, Sox2, Klf4, and c-Myc, followed by drug selection for Fbxo15-expressing cells. In contrast, subsequent
modifications to the assay selecting for Oct4- or Nanog-expressing cells gave rise to fully reprogrammed iPSCs. Note
that drug selection is not essential for producing high-quality iPSCs, but was used as part of the assay to identify
factors that induced embryonic gene expression (see text).
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epigenetic marks, and failed to generate postnatal chimeras
or contribute to the germline. These initially derived iPSCs
therefore appeared to be partially reprogrammed.

Soon after this report, several laboratories including
Yamanaka’s were able to reproduce and improve upon these
findings. For example, by selecting for the reactivation of
the essential pluripotency genes Nanog or Oct4 instead of
Fbxo15, iPSCs were generated that molecularly and func-
tionally more closely resembled ES cells (Fig. 3) (Maherali
et al. 2007; Okita et al. 2007; Wernig et al. 2007). More
recently, iPSCs have been identified that are even capable
of generating “all-iPSC” mice after injection into tetraploid
blastocysts (Table 2) (Boland et al. 2009; Kang et al. 2009;
Zhao et al. 2009), thus suggesting that at least some iPSC
clones have a developmental potency equivalent to that of
ES cells.

Importantly, high-quality mouse iPSCs can be derived
from genetically unmodified somatic cells without drug
selection by simply using morphological criteria (Blelloch
et al. 2007; Maherali et al. 2007; Meissner et al. 2007). This
discovery was critical for extending induced pluripotency
to other species for which transgenic tools were not readily
available. For example, iPSCs have been successfully gener-
ated from human (Takahashi et al. 2007; Yu et al. 2007; Park
et al. 2008), rat (Li et al. 2009b), and rhesus monkey fibro-
blasts (Liu et al. 2008) by expression of the same four Ya-
manaka factors, demonstrating that fundamental features
of the transcriptional network governing pluripotency re-
main conserved during evolution. In addition, iPSCs have
been derived from other somatic cell populations such as
keratinocytes (Aasen et al. 2008; Maherali et al. 2008), neu-
ral cells (Eminli et al. 2008; Kim et al. 2008), stomach and
liver (Aoi et al. 2008), as well as from genetically labeled
pancreatic b cells (Stadtfeld et al. 2008a), melanocytes
(Utikal et al. 2009a), and terminally differentiated B and
T lymphocytes (Hanna et al. 2008b; Eminli et al. 2009),
thus underscoring the generality of induced pluripotency
across different cell types.

2.2 Genetically Unmodified iPSCs

Retroviral transgenes used to deliver the reprogramming
factors are usually silenced toward the end of reprogram-
ming (Stadtfeld et al. 2008b) by a mechanism that involves
DNA (Lei et al. 1996) and histone methylation (Matsui
et al. 2010). However, this process is often incomplete,
resulting in partially reprogrammed cell lines that fail to
activate endogenous pluripotency genes and therefore con-
tinue to depend on transgenic reprogramming factor ex-
pression for indefinite growth (Takahashi and Yamanaka
2006; Mikkelsen et al. 2008; Sridharan et al. 2009). In ad-
dition, residual activity or reactivation of viral transgenes in

iPSC-derived somatic cells can interfere with their devel-
opmental potential and frequently leads to the formation
of tumors in chimeric animals (Okita et al. 2007). These
shortcomings spurred efforts to derive iPSCs devoid of
viral vector sequences. The first integration-free iPSCs
were generated from adult mouse hepatocytes using non-
integrating adenoviral vectors (Stadtfeld et al. 2008c) and
from mouse embryonic fibroblasts (MEFs) after transfec-
tion with plasmids (Okita et al. 2008) or RNAviruses (Fu-
saki et al. 2009) that persisted only transiently inside cells.
Importantly, chimeric animals produced from integration-
free iPSCs were tumor-free. Alhough these methods were
extremely inefficient, they led to two important conclu-
sions. First, viral integration and insertional mutagenesis
are not required for stable cellular reprogramming. Second,
direct reprogramming does not necessarily generate plu-
ripotent cells of poorer quality or compromised safety than
ES cells. However, it is important in all of these approaches
to completely exclude the possibility that vector fragments
or RNA viruses persisted in the resulting iPSCs.

Various new methods have been developed to generate
genetically unmodified or “reprogramming factor-free”
human iPSCs with alternative technologies. These include
transfection with messenger RNA (mRNA) instead of
DNA, replacement of factors by small molecules, and de-
livery of factors as recombinant proteins or extracts. The
extremely low efficiency of reprogramming cells with re-
combinant proteins (Zhou et al. 2009) or extracts (Kim
et al. 2009a) makes this an impractical strategy for iPSC
generation. Another approach has used modified mRNA
constructs to express the reprogramming factors in somatic
donor cells, giving rise to human iPSCs (Warren et al.
2010). This method is efficient in yielding factor-free iPSCs
and thus may be the preferred method for reprogramming.
Last, a variety of small molecules have been shown to re-
place individual reprogramming factors (Huangfu et al.
2008; Xu et al. 2008; Ichida et al. 2009; Lyssiotis et al.
2009). Remarkably, the combination of certain compounds
is sufficient to induce pluripotency in somatic cells accord-
ing to a recent report (Hou et al. 2013).

In summary, the generation of genetically unmodified
vector-free iPSCs has been resolved in principle. It is likely
that, for a given application, one of the various strategies
outlined above may be more optimal than another.

2.3 Reprogrammable Mice

A technical advance for studying molecular mechanisms
of reprogramming has been the development of so-called
“secondary reprogramming systems” and “reprogramma-
ble mice” (Fig. 4). This approach entails differentiating “pri-
mary” iPSC clones using either in vitro differentiation for
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human cells (Hockemeyer et al. 2008; Maherali et al. 2008)
or blastocyst injection for mice (Wernig et al. 2008; Woltjen
et al. 2009). Primary iPSCs were generated by introducing
the Yamanaka transcription factor cocktail carried on doxy-
cyline-inducible lentiviral vectors or transposons into so-
matic cells. These genetically homogeneous differentiated
cells are then cultured in doxycycline-containing media,
thus triggering the formation of “secondary” iPSCs at effi-
ciencies that are generally several orders of magnitude higher
(1%–5%) than the efficiencies obtained after primary in-
fection (0.01%–1%). This observation showed that the low
efficiency of reprogramming is not solely the result of in-
effective transduction of somatic cells by all four viral vec-
tors as had originally been assumed. It is instead consistent
with the notion that other, presumably epigenetic, road-
blocks must exist to limit the acquisition of pluripotency.

In a modification of the conventional secondary system,
“reprogrammable” mouse strains have been developed that
contain a single doxycycline-inducible polycistronic trans-
gene that has been targeted to a defined genomic position
by homologous recombination. This system does not de-

pend on viral infection anymore and facilitates the deriva-
tion of iPSCs from virtually any cell type of the mouse by
simply adding doxycycline to the culture medium (Carey
et al. 2010; Stadtfeld et al. 2010b).

3 MECHANISMS UNDERLYING iPSC
FORMATION

In the following section, we introduce models that have
been developed to explain the low efficiency of reprogram-
ming at a cellular level. We then discuss key molecular
events that act as barriers during the reprogramming pro-
cess and speculate on the role of the individual reprogram-
ming factors.

3.1 Deterministic versus Stochastic Models

Two main models have been put forward to explain the
reprogramming process (Fig. 5A) (Yamanaka 2009). The
“deterministic” model posits that individual somatic cells
synchronously convert into iPSCs with a constant latency
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Figure 4. Generation of genetically homogeneous cell cultures for epigenetic reprogramming. Scheme for obtaining
genetically homogeneous somatic cells that are more efficient at pluripotency induction. Primary somatic cells with
stable integrations of a Nanog-GFP (green fluorescent protein) marker and reverse tetracycline transactivator
(M2rtTA) are infected with DOX-inducible lentiviruses encoding the four reprogramming factors. Primary iPSCs
are generated by culturing the cells in DOX to activate the factors. After DOX withdrawal, the primary iPSCs are
injected into mouse blastocysts and “secondary” somatic cells carrying the DOX-inducible vectors are cultured in the
presence of DOX to produce secondary iPSCs. The key advantage of this system is that reprogramming can be induced
without new virus infection at a much higher efficiency. (Modified, with permission, from Hanna et al. 2008a.)
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(or number of cell divisions; models i and ii in Fig. 5B)
whereas the “stochastic” model predicts that somatic cells
give rise to iPSCs with variable latencies or after going
through different numbers or cell division (models iii
and iv). In addition, one has to consider whether all so-
matic cells or only a few “elite” cells will yield iPSCs; so-
matic stem or progenitor cells that are present in most adult
tissues, and possibly persist in explanted cell populations,

are the most obvious candidate “elite” cells as they are rare
and developmentally closer to pluripotent cells than differ-
entiated cells.

Reprogramming is unlikely to follow a purely determin-
istic process in all cells (model i) as this disagrees with the
low efficiency of iPSC formation. Models based exclusively
on an elite component (models ii or iv) are also difficult to
sustain because iPSCs can be derived from many different
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Figure 5. Stochastic and deterministic models of cellular reprogramming into iPSCs. (A) Schematic representation
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somatic cells including fully differentiated B and T lym-
phocytes (Hanna et al. 2008b; Eminli et al. 2009) as well as
pancreatic b cells (Stadtfeld et al. 2008a). Moreover, when
following clonal populations of early B cells and monocytes
expressing the reprogramming factors, almost all cell clones
ultimately give rise to daughter cells that form iPSCs, al-
though this process requires continuous growth over sev-
eral weeks to months (Hanna et al. 2009b). The latter
observation suggested that continuous cell proliferation
allows rare cells in almost every clonal cell population to
acquire molecular changes that facilitate their conversion
into a pluripotent state. These findings, combined with
mathematical modeling, support a stochastic model of cel-
lular reprogramming (i.e., the highlighted model iii in Fig.
5B) (Hanna et al. 2010b).

Interestingly, the overexpression of the pluripotency
factor Nanog in combination with the standard Yamana-
ka factors, Oct4, Sox2, Klf4, and c-Myc enhances cellular
reprogramming in a cell division–independent manner
(Hanna et al. 2009b). This result indicated that cellular
reprogramming is amenable to acceleration by additional
treatments. Consistently, several other factors have been
identified wherein overexpression or depletion during cel-
lular reprogramming increased the generation of iPSCs
(Fig. 5A). These molecules include transcription factors
(e.g., Tbx3, Sall4, Glis1), chromatin regulators (e.g., UTX,
BAF, Dnmt1, Mbd3), microRNAs (e.g., miR-294, miR-
302/367), and signaling molecules (e.g., Wnt, Tgf-b, Jak/
Stat) (Stadtfeld and Hochedlinger 2010; Maekawa et al.
2011; Orkin and Hochedlinger 2011; Mansour et al. 2012).

Another parameter that has been shown to contribute
to the efficiency of reprogramming is the differentiation
state of the starting cell. For example, clonally plated hema-
topoietic stem and progenitor cells give rise to iPSCs with
significantly higher efficiencies than mature lymphocytes
and myeloid cells (10%–40% vs. 0.01% to 1%; Eminli et al.
2009; Stadtfeld et al. 2010b). Similarly, subpopulations of
fibroblasts produce iPSCs sooner and more efficiently than
the bulk population when following individual cells with
live cell imaging (Smith et al. 2010) or upon sorting of
immature cells with surface markers (Nemajerova et al.
2012). In conclusion, cellular reprogramming is most con-
sistent with a stochastic model. However, additional pa-
rameters such as differentiation stage, growth factors, and
the supplementation of other transcription factors can in-
fluence this process.

3.2 Molecular Changes during Cellular
Reprogramming

The low efficiency and slow kinetics of iPSC derivation are
in stark contrast to somatic cell lineage switching triggered

by transcription factor overexpression, such as the conver-
sion of B cells into macrophages induced by C/EBPa,
which occurs at efficiencies of up to 100% and within 48
hours (Bussmann et al. 2009). This suggests that the in-
duction of pluripotency by defined factors faces more
barriers than lineage conversion, possibly because of a
higher degree of transcriptional and epigenetic similarity
among mature cell types than between mature cells and
pluripotent cells. Thus, what are the major molecular
roadblocks a somatic cell faces during reprogramming
into an iPSC?

3.2.1 Silencing of Somatic Genes and Activation
of Pluripotency Genes

Studies in fibroblasts suggest that reprogramming follows
an organized sequence of events that begins with the down-
regulation of somatic markers (Stadtfeld et al. 2008b) and
morphological changes reminiscent of a mesenchymal-to-
epithelial transition (MET) (Fig. 6) (Li et al. 2010; Sama-
varchi-Tehrani et al. 2010). In accordance, interference with
genes involved in MET such as the epithelial molecule E-
cadherin and bone morphogenetic protein (BMP) receptor
signaling abrogate reprogramming. These events are fol-
lowed by the activation of the early pluripotency markers
SSEA-1, alkaline phosphatase, and Fbxo15 before bona fide
pluripotency genes such as Nanog or Oct4 become ex-
pressed (Fig. 6) (Brambrink et al. 2008; Stadtfeld et al.
2008b). The telomerase enzyme, responsible for extending
the shortened telomeres of somatic cells, is reactivated at
the same time as endogenous Nanog and Oct4.

Reprogramming intermediates isolated based on com-
binations of the aforementioned markers have an increased
probability to form iPSC colonies (Stadtfeld et al. 2008b),
suggesting that these cells have overcome several transcrip-
tional and epigenetic barriers that normally prevent the
induction of pluripotency. Interestingly, the majority of
fibroblasts expressing reprogramming factors fail to
down-regulate somatic markers and activate pluripotency
genes (Wernig et al. 2008; Stadtfeld et al. 2010b), indicating
that many cells become refractory to reprogramming. Such
“nonresponding” fibroblasts do not give rise to iPSCs even
after prolonged culture. Collectively, these results suggest
that the extinction of the somatic program and the subse-
quent activation of endogenous pluripotency genes repre-
sent roadblocks during iPSC formation. In support of this
conclusion, the down-regulation of genes that stabilizes the
differentiated state (e.g., Pax5, Pax7, Gata6) (Hanna et al.
2008b; Mikkelsen et al. 2008) or the ectopic expression of
other pluripotency factors in combination with Oct4,
Sox2, Klf4, and c-Myc has been shown to enhance iPSC
formation (Stadtfeld and Hochedlinger 2010).
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3.2.2 Resetting of Global Histone and DNA
Methylation Patterns

Gene expression in somatic and differentiated cells is main-
tained by characteristic patterns of DNA methylation and
histone tail modifications. In general, pluripotency genes
such as Oct4 and Nanog are silenced in somatic cells by both
repressive histone modifications such as histone H3 lysine
27 trimethylation (H3K27me3) and DNA methylation. In
contrast, in pluripotent cells, the Oct4 promoter is devoid
of promoter DNA methylation and carries the activating
histone mark H3 lysine 4 trimethylation (H3K4me3). Suc-
cessful reprogramming requires resetting of both of these
epigenetic modifications from a somatic to a pluripotent
state at a genome-wide level. Genome-wide analyses (chro-
matin immunoprecipitation, ChIP) combined with deep
sequencing (ChIP-seq) of iPSCs revealed that the overall
histone modification and DNA methylation landscapes are
correctly reprogrammed in most authentic iPSC lines,
whereas they are incompletely restored in partially repro-
grammed iPSCs (Maherali et al. 2007; Mikkelsen et al.
2008; Sridharan et al. 2009). A number of histone-modify-
ing enzymes have recently been discovered that are involved
in this process. For example, the histone lysine (K) de-
methylase UTX, which removes inhibitory H3K27 meth-

ylation marks from silenced pluripotency loci, is critical for
efficient iPSC formation (Mansour et al. 2012). Likewise,
components regulating the activating H3K4 mark such as
WD repeat domain 5 (Wdr5) influence efficient repro-
gramming by ensuring proper expression of key pluripo-
tency genes (Ang et al. 2011).

DNA methylation patterns are established during
mammalian development by the de novo methyltransfer-
ases Dnmt3a and Dnmt3b and are maintained throughout
adulthood by the maintenance methyltransferase Dnmt1
(Reik et al. 2001). Loss of the DNA maintenance methyla-
tion machinery is incompatible with embryonic develop-
ment (Li et al. 1992). Surprisingly, iPSC formation is not
affected in the absence of Dnmt3a and Dnmt3b, indicating
that de novo methylation is dispensable for cellular repro-
gramming (Pawlak and Jaenisch 2011). It is likely that other
repressive mechanisms such as histone modifications com-
pensate for the loss of de novo methylation. In contrast,
reducing global genomic methylation levels, by either using
short hairpins against Dnmt1 or treating cells with the
demethylating drug 5-aza-cytidine, boosts cellular repro-
gramming (Mikkelsen et al. 2008). Specifically, these treat-
ments enhance overall colony formation and facilitate the
conversion of partially reprogrammed iPSCs into fully re-
programmed iPSCs. Although the underlying mechanisms
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Figure 6. Molecular and cellular cornerstones of cellular reprogramming into iPSCs. Depicted are key events and
examples of genes that are regulated during the reprogramming of fibroblasts to pluripotency. “Stable reprogram-
ming” indicates the time window when cells activate endogenous pluripotency loci and become transgene inde-
pendent. MET, mesenchymal-to-epithelial transition. (Adapted, with permission, from Stadtfeld et al. 2008b.)
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remain unclear, it is likely that DNA demethylation en-
hances reprogramming through the derepression of plu-
ripotency genes such as Oct4 and Nanog. Together, these
results show that DNA demethylation rather than the
acquisition of methylation provides additional barriers to
cellular reprogramming.

3.3 Importance of Cell Proliferation

In contrast to ES cells, which grow indefinitely in culture,
fibroblasts have a restricted proliferative potential and even-
tually undergo apoptosis, growth arrest, or stress-induced
senescence because of activation of the tumor-suppressor
genes p53 and Ink4a/Arf (Collado et al. 2007). Indeed,
expression of the Yamanaka factors in p53 or Ink4a/Arf-
deficient fibroblasts, which fail to senesce and hence pro-
liferate indefinitely, leads to a dramatic increase in iPSC
colony numbers (Banito et al. 2009; Hong et al. 2009; Ka-
wamura et al. 2009; Li et al. 2009a; Utikal et al. 2009b). It is
important to note, however, that different cell types ex-
pressing the four factors elicit different responses upon
loss of p53. In fibroblasts, the main effect of p53 loss ap-
pears to be the inhibition of senescence and cell death,
whereas in blood cells that express the same reprogramming
factors, the loss of p53 mainly contributes to reprogram-
ming by accelerating cell cycle (Hanna et al. 2009b). This
finding emphasizes the fact that barriers inherent to cellular
reprogramming can be cell context–dependent.

The acquisition of pluripotency may not be complete
on attaining independence from exogenous Yamanaka fac-
tor expression; the full activation of pluripotency genes
may require several rounds of cell divisions, as suggested
by the finding that early- and late-passage iPSCs show dis-
cernible differences in telomere length (Marion et al. 2009)
and global changes in transcription and DNA methylation
patterns (Chin et al. 2009; Polo et al. 2010). This finding is
consistent with the notion that freshly derived iPSC lines
show an “epigenetic memory” that is characterized by re-
sidual epigenetic marks and gene expression signatures in-
herited from the somatic cell of origin (Kim et al. 2010;
Polo et al. 2010).

3.4 Transcription Factors Maintain the Pluripotent
State of ES Cells

Oct4, Nanog, and Sox2 form a core of transcription factors
that maintain ES cells in a self-renewing and undifferenti-
ated state that is poised for differentiation. Accordingly,
deletion of any of these factors in ES cells abrogates or
severely compromises ES cell self-renewal (Chambers and
Smith 2004). Studies analyzing the occupancy of these fac-
tors across the genome in mouse and human ES cells indi-

cates that they serve two main purposes: their association
with a particular genomic region controls either the repres-
sion of genes associated with differentiation or the activa-
tion of ES cell–specific targets (Fig. 7A) (Jaenisch and
Young 2008). Gene suppression by pluripotency factors
in ES cells is at least in part mediated by the recruitment
to target promoters of repressive chromatin remodeling
complexes such as the histone deacetylase-containing
NuRD complex (Kaji et al. 2006) and the lysine methyl-
transferase-containing Polycomb complex 2 (Boyer et al.
2006; Lee et al. 2006), leading to repressive histone deace-
tylation and H3K27me3, respectively.

This dual control of target gene regulation might explain
why somatic genes are usually silenced before pluripotency
genes become activated during iPSC formation. Although
repressive complexes can immediately form upon bind-
ing of individual reprogramming factors to target sites,
key components of the more elaborate activating complexes
such as Nanog or Dax1 (Wang et al. 2006) may be limiting
or absent at early stages of reprogramming and only become
available once their respective endogenous genomic loci
have been transcriptionally activated (Fig. 7B). This process
might be facilitated by nucleosome remodelers such as
Chd1 (Gaspar-Maia et al. 2009) and BAF (Singhal et al.
2010); indeed, both of these molecules have been shown
to enhance reprogramming efficiencies when overex-
pressed. Once the majority of core pluripotency factors
are expressed, they presumably engage in positive-feedback
loops (Jaenisch and Young 2008) to sustain pluripotency in
the absence of exogenous factor expression (Fig. 7A).

3.5 Contributions of Individual Factors to Cellular
Reprogramming

Studies on partially reprogrammed cells suggest that the
inability of Oct4, Sox2, and Klf4 to bind to their targets is
a limiting factor for acquiring pluripotency (Sridharan et al.
2009). In contrast, c-Myc efficiently occupies targets asso-
ciated with proliferation and metabolism, indicating that c-
Mycplays a distinct role compared with Oct4, Sox2, and Klf4
(see cell-cycle gene in Fig. 7B). Accordingly, c-Myc expres-
sion is only required for the first few days of reprogramming
(Sridharan et al. 2009), whereas Sox2 expression is essential
only at late stages (Chen et al. 2011). In further agreement
with a supportive role of c-Myc during early steps in repro-
gramming, premature expression of c-Myc and Klf4 in fi-
broblasts before activation of all four factors increases
reprogramming efficiencies and speed, whereas early ex-
pression of Sox2 and Oct4 has no effect (Markoulaki et al.
2009). Mechanistically, c-Myc expression might enhance
reprogramming by facilitating the binding of Oct4 and
Sox2 to cognate targets—for example, by establishing or
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maintaining activating histone methylation (Lin et al. 2009)
and acetylation (Knoepfler 2008) marks (Fig. 7B). Once
Oct4 and Sox2 have activated key pluripotency targets,
such as Nanog, cells enter a self-sustaining pluripotent state
that is no longer dependent on exogenous factor expression.

It is important to mention that Oct4, Sox2, Klf4, and c-
Myc are not the only factor combination that can generate
iPSCs. For example, human iPSCs have been derived by
enforced expression of Oct4, Sox2, Nanog, and Lin28 (Yu
et al. 2007). This suggests that different routes may lead to a
common pluripotent ground state or, alternatively, that dif-
ferent transcription factors activate the same program by
reinforcing each other’s synthesis. Indeed, Lin28 represses
let-7 microRNAs (Viswanathan et al. 2008), which are neg-
ative regulators of c-Myc translation (Kim et al. 2009b), thus
establishing a possible link between the two reprogramming
cocktails. Likewise, Nanog controls a similar set of target
genes as the Klf proteins (Jiang et al. 2008). Hence, cellular
reprogramming does not seem to strictly depend on a fixed
set of transcription factors, but is rather tolerant of alterna-
tive factors as long as the pluripotency circuitry typical of ES
cell is established. In further support of this notion, Sox2,
Klf4, and c-Myc can be replaced by the closely related Sox1,
Klf2, and L-Myc proteins (Nakagawa et al. 2008; Nakagawa
et al. 2010). However, some of the classical reprogramming
factors are replaceable by seemingly unrelated members of
the nuclear orphan receptor family. For instance, Klf4 can
be replaced by Esrrb (Feng et al. 2009) and Oct4 by Nr5a2
(Heng et al. 2010) during mouse fibroblast reprogram-
ming. The mechanisms by which these alternative proteins
operate during reprogramming remain elusive.

3.6 X Chromosome Inactivation

X chromosome inactivation in female mammals ensures
balanced gene expression of X-linked genes compared
with males (Augui et al. 2011). X inactivation occurs ran-
domly on one of the two female Xs per cell during early
postimplantation development and is stably maintained
in all somatic daughter cells throughout adulthood. X inac-
tivation is accomplished by a complex interaction of epige-
netic mechanisms that involve the noncoding RNA Xist,
which coats the future inactive X and recruits repressive
chromatin regulators, resulting in the acquisition of in-
hibitory histone and DNA methylation marks that induce
stable silencing (summarized in Fig. 10 of Brockdorff and
Turner 2014). Although all differentiated female cells show
X inactivation, with one active and one inactive X chromo-
some (XiXa), mouse ICM cells and derivative ES cells are in
a preinactivation state and thus carry two active Xs (XaXa).
This observation raised the question of whether induced
pluripotency entails faithful reactivation of the somatically

silenced X chromosome. Analysis of mouse iPSCs derived
from female fibroblasts showed that the silenced X chromo-
some did indeed become reactivated and undergo random
inactivation when cells were induced to differentiate (Ma-
herali et al. 2007). This finding is reminiscent of the previous
observation that embryos cloned from fibroblasts by SCNT
reactivate the silenced X chromosome and undergo random
X inactivation during development (Eggan et al. 2000).

The state of X inactivation in human ES cells has been
puzzling (Wutz 2012). In contrast to mouse ES cells, con-
ventional human ES cells have undergone X inactivation
(XiXa; Shen et al. 2008), raising the question of whether this
reflects the X inactivation state of ICM cells in human blas-
tocysts. Two observations support the notion that human
ICM cells are in a pre–X inactivation state: (1) Direct ob-
servation indicates that cells of human blastocysts have not
as yet commenced X inactivation (Okamoto et al. 2011),
and (2) human ES cells isolated and propagated under
physiological oxygen conditions (5% O2) displayed a
pre–X inactivation status and, similar to mouse ES cells,
initiated random inactivation on differentiation (Lengner
et al. 2010). The latter observation suggested that subopti-
mal culture conditions such as oxidative stress may inter-
fere with the in vitro capture of the more immature XaXa
state of human ICM cells. More recent data have shown that
human ES cells and iPSCs can lose Xist expression and gain
biallelic expression of some X-linked genes (Mekhoubad
et al. 2012), and that prolonged culture may select for over-
expression of growth-promoting X-linked genes (Anguera
et al. 2012). These observations are consistent with the
possibility that the state of X inactivation in pluripotent
cells may be less stable than in somatic cells and that con-
tinuous propagation of the cells may result in cultures with
partially reactivated Xi. It is important to note that the state
of pluripotency of ES cells and iPSCs has a profound impact
on the state of X inactivation as discussed in Section 3.7.

3.7 Alternative States of Pluripotency: Naı̈ve
versus Primed Cells

Pluripotent cell lines exist in two distinct states that are
characterized by different growth factor requirements and
developmental properties (Fig. 8). Murine ES cells, estab-
lished from the ICM of preimplantation blastocysts in the
presence of leukemia inhibitory factor (LIF) and BMP, exist
in a more primitive pluripotent state in contrast to epiblast
stem cells (EpiSCs), derived from the implanted embryo in
the presence of bFgf and Activin. Nichols and Smith have
designated the ICM-like state of ES cells as the “naı̈ve” state
and that of the epiblast-derived EpiSCs as the “primed”
pluripotent state (Nichols and Smith 2009). This definition
implies that the primed state is prone to differentiation
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whereas the naı̈ve ES cells correspond to a more immature
state of pluripotency. The state of X inactivation reflects the
different states of pluripotency: Naı̈ve female ES cells are in
the XaXa preinactivation state, whereas primed EpiSCs
have already undergone X-chromosome inactivation (Fig.
8). Consistent with their advanced developmental state,
EpiSCs show some pluripotency criteria such as teratoma
formation, but fail to contribute to any tissues in chimeric
mice (Brons et al. 2007; Tesar et al. 2007). Of interest is that
the two alternative states of pluripotency are metastable
and can be interconverted by changes in culture conditions;
EpiSCs can be reverted to naı̈ve ES cell– like cells on expo-
sure to LIF/Stat3 signaling, and this conversion can be
boosted by transient expression of pluripotency factors
including Klf4, Klf2, Nanog, or c-Myc, or by cultivation
of cells in LIF and “2i” conditions (2i: GSK3b inhibitor

and ERK1/2 inhibitor or Kenpaullone; Guo et al. 2009;
Hanna et al. 2009a). Conversely, exposure to bFGF and
Activin converts the naı̈ve ES cells into primed EpiSCs.
Thus, activating different signaling pathways through dif-
ferent culture conditions can alter and stabilize the two
alternative states of pluripotency.

Human ES cells, like mouse ES cells, are isolated from
explanted preimplantation blastocysts by a protocol estab-
lished by Thomson and colleagues (Thomson et al. 1998).
These cells share multiple defining features with mouse
EpiSCs rather than mouse ES cells, including a flat mor-
phology, signaling dependence on bFGF/Activin, propen-
sity for X-chromosome inactivation, and reduced tolerance
to single cell dissociation (Fig. 8). Thus, these molecular
and biological similarities with mouse EpiSCs suggest that
human ES cells correspond to the primed pluripotent state
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Figure 8. Different states of pluripotency. Classical mouse ES cells are derived from the ICM of the blastocyst and are
designated as “naı̈ve.” In contrast, EpiSCs are derived from the epiblast of the implanted embryo and are designated
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rather than to the naı̈ve state of mouse ES cells. This raised
the question of whether conditions can be devised that al-
low isolation of human pluripotent cells with defining bi-
ological and epigenetic features of mouse naı̈ve ES cells and
whether human ES cells or iPSCs, similar to mouse EpiSCs,
could be converted to a naı̈ve pluripotent state. Indeed, the
propagation of human pluripotent stem cells in LIF/“2i”
conditions and overexpression of Oct4 and Klf4 or KLF2/
KLF4 induced conversion of conventional human ES cells
to a naı̈ve pluripotent state (Hanna et al. 2010a). The naı̈ve
human ES cells and iPSCs resembled naı̈ve mouse ES cells by
several criteria: They had reactivated the inactive X chro-
mosome resulting in a XaXa pre–X inactivation status,
showed high single-cell cloning efficiency (i.e., high clono-
genicity), were dependent on LIF/STAT3 instead of bFGF/
Activin signaling, could routinely be passaged as single cells,
and showed a gene expression pattern that more closely
resembled that of naı̈ve mouse ES cells. However, the naı̈ve
state cannot be robustly maintained and depends on the
continuous expression of transgenes. Thus, it is of major
interest to define conditions that would allow the mainte-
nance of genetically unmodified naı̈ve cells and to isolate
mouse ES-like cells directly from human blastocysts.

4 APPLICATIONS OF iPSC TECHNOLOGY
IN DISEASE RESEARCH

The most exciting application of iPSC technology is the
potential of deriving patient-specific pluripotent cells for
disease research. One can distinguish between two different
applications of patient-derived iPSCs: (1) studying diseases
in tissues culture (“diseases in the dish” approach), and (2)
cell transplantation therapy. A crucial requirement to fully
realize the potential of iPSCs in disease research is efficient
gene-targeting methods in human pluripotent cells. We will
first summarize the different approaches to genetically ma-
nipulate human ES cells and iPSCs, followed by a discussion
of iPSC technology in disease modeling and cell therapy.

4.1 Genetic Modification of Human ES Cells
and iPSCs

Gene targeting by homologous recombination is efficient
in mouse ES cells and has facilitated the generation of
thousands of genetically modified mouse models. In con-
trast, homologous recombination has proven to be difficult
in human ES cells and iPSCs, and only few reports have
described successful gene targeting since the derivation of
the first human ES cells more than 15 years ago. The diffi-
culty of genetic manipulation has been a major obstacle to
realizing the full potential of human ES cells and iPSCs in
disease research.

Novel tools to facilitate homologous recombination,
based on the introduction of DNA double-strand breaks
(DSBs) by site-specific nucleases, have been used to target
genes in human cells. Two approaches that can introduce
site-specific DSBs have been devised: (1) zinc-finger nucle-
ases (ZFNs) (Urnov et al. 2010) and (2) “transcription
activator–like effector” (TALE) proteins (Bogdanove and
Voytas 2011). In both strategies, DNA-binding domains
with new sequence specificities are generated and fused to
nucleases that introduce a DSB at a specific nucleotide. A
ZFN is generated by fusing the FokI nuclease domain to a
DNA recognition domain composed of engineered zinc-
finger motifs that specify the genomic DNA-binding site
for the chimeric protein. On binding of two such fusion
proteins at adjacent genomic sites, the nuclease domains
dimerize, become active, and cut the genomic DNA (Fig.
9A). When a donor DNA that is homologous to the target
on both sides of the DSB is provided, the genomic site can
be repaired by homology-directed repair, allowing the in-
corporation of exogenous sequences placed between the
homologous regions. Although zinc-finger domains recog-
nize nucleotide triplets, the DNA-binding domains of
TALEs recognize single nucleotides: multiple �34-ami-
no-acid units (also referred to as TALE repeats) are arranged
in tandem, their sequences being nearly identical except for
two highly variable amino acids that establish the base rec-
ognition specificity for each unit. Each individual domain
determines the specificity of binding to one DNA base pair
and, therefore, four different repeat units are sufficient to
specify binding to a novel site. As in the ZFN approach, the
nuclease fused to the TALE module introduces a specific
DSB between the two DNA-binding domains.

The insertion of donor sequences at the DSB is accom-
plished by cotransfecting the ZFN or TALEN pair together
with a donor plasmid designed to carry approximately
500–750 bp of homologous sequence flanking both sides
of the recognition site allowing the generation of reporter
ES cells or iPSCs that carry a GFP marker in key transcrip-
tion factor genes (Hockemeyer et al. 2009, 2011). Gene ed-
iting using the ZFN or TALEN strategy has been used to
introduce disease-relevant mutations into normal ES cells
or correct the mutations in patient-derived iPSCs (Soldner
et al. 2011). This creates “isogenic” pairs of disease and con-
trol cells (Fig. 9B) that, as outlined below, allow a meaning-
ful comparison between experimental and control cells.

4.2 Disease Modeling in the Culture Dish
(“Disease in the Dish”)

iPSC technology facilitates the generation of genetically
identical cells from patients afflicted with a disease of
known or unknown etiology. Because the cells are derived
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from the patient, they carry all genetic alterations that may
have contributed to the disease manifestation allowing, in
principle, the investigation of the genetic basis of the dis-
order even if the genes that contribute to the disease have
not yet been identified.

The basis for modeling diseases in the culture dish is the
ability to differentiate iPSCs into the cell type that is affect-
ed in the patient (Fig. 10). For example, iPSCs need to be

differentiated into dopaminergic neurons to model Parkin-
son’s disease (PD) and they need to be coaxed into motor
neurons to study spinal motor atrophy (SMA; depicted in
Fig. 11), a fatal disease causing paralysis of the lower body.
Importantly, the differentiation of the disease-specific
iPSCs into functional somatic cells must show a quantifi-
able phenotype when compared with proper control cells.
In PD, patient-derived dopaminergic neurons can be ana-
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Figure 9. ZFN and TALE nuclease-mediated gene targeting. (A) (1) DNA-binding proteins—either zinc-finger or
TALE proteins in blue fused to a Fok1 restriction nuclease in orange—are designed to specifically recognize two
adjacent DNA-binding sequences with a defined spacing. (2) On binding of the zinc fingers, the FOK1 nuclease
domains dimerize, become active, and cut the DNA. (3) If a donor plasmid carrying DNA (red, DNA) homologous
to the DSB is ectopically provided to the cell, this can be used to repair the DNA lesion. A donor plasmid can be
designed so that it carries additional sequence in between the homology arms. On repair of the DSB with such a
donor, the genomic locus will be altered to carry this additional sequence as an insertion at the site of the DSB. (4)
Alternatively, the DSB is repaired, incurring deletion or sequence alteration that disrupts gene function. (B) Using
ZFN (or TALEN)-mediated gene targeting, a disease causing mutation is either corrected in a patient-derived iPSC
(left illustration), or disease-causing mutations are introduced into wild-type (WT) ES cells (right illustration). The
result of either manipulation will be the generation of isogenic sets of iPSCs, providing a genetically matched control
for functional studies. (B, Adapted, with permission, from Soldner et al. 2011.)
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lyzed for phenotypic abnormalities when compared to
neurons derived from control iPSCs. Similarly, to study
SMA, patient-derived motor neurons can be examined
for an in vitro phenotype that may correspond to neuronal
defects seen in the patient. An important goal of such ex-
periments is to screen for small molecules that can affect the
observed in vitro phenotype (Fig. 10) (Rubin 2008). If such
compounds could be identified, they may represent prom-
ising candidates for drug development to treat the disease.

How far are we from identifying new drugs with iPSCs?
In fact, several research laboratories have already derived
iPSCs from patients suffering from Huntington’s and Par-
kinson’s disease, ALS, juvenile diabetes, muscular dystro-
phy, Fanconi anemia, Down syndrome, and others (Raya
et al. 2009; Soldner et al. 2009), which will facilitate these
studies. Moreover, three promising reports showed that
iPSCs derived from patients suffering from the devastating
disorders SMA (Ebert et al. 2009), familial dysautonomia

(Lee et al. 2009), and LEOPARD syndrome (Carvajal-Ver-
gara et al. 2010) recapitulated the cell abnormalities in a
Petri dish as they are seen in patients. Remarkably, when the
cultured cells were exposed to experimental drugs for these
diseases, the “symptoms” were partially alleviated in cul-
ture. It is noteworthy that neurons differentiated from
iPSCs derived from patients suffering from Rett syndrome
(Marchetto et al. 2010) or schizophrenia (Brennand et al.
2011) were shown to display a patient-specific phenotype
in the culture dish. These observations suggest that iPSC
technology may allow studying even such complex mental
disorders such as autism (Rett) or psychoses (schizophre-
nia) on a cellular level. The hope is that this experimental
approach can be applied to many other diseases and cell
types for which we currently do not have treatments, and
this may result in the development of drugs from which not
just one individual, as in cell therapy, but millions of pa-
tients may benefit.

SMA patientSMA-specific drugs

 Screen for drugs
that prevent motor

neuron death 

SMA motor neurons

 In vitro
maturation

Skin biopsy

SMA iPSCs

Repair of disease-causing
mutation in SMN

gene-by-gene targeting

 In vitro
maturation

 Transplantation of
genetically matched

healthy motor neurons

Motor neurons dying

 Treatment of patient(s)
with drug

Disease
modeling

c-Myc

Klf4
Oct4

Sox2

Cell
therapy 

Repaired iPSCs

Healthy motor neurons

Figure 10. Potential applications of iPSC technology. Shown are the potential applications of iPSC technology for
cell therapy and disease modeling using SMA as an example. In SMA patients, motor neurons are afflicted and die
causing the devastating symptoms of the disease. SMA-specific iPSCs could be coaxed into motor neurons in vitro to
establish a culture model of the disease that may lead to the identification of novel drugs that prevent the abnormal
death of motor neurons in patients. Alternatively, the disease-causing mutation could be repaired, if known (in this
case, SMN gene), in iPSCs by gene targeting before their differentiation into healthy motor neurons and transplan-
tation into the patient’s brain. (Adapted, with permission, from Stadtfeld and Hochedlinger 2010.)
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4.3 Cell Therapy

A widely popularized application of iPSCs is cell replace-
ment therapy. Because iPSCs are genetically matched with
the patient donor, this approach eliminates the need for
immune-suppressive therapy needed in conventional trans-
plantation settings using cells or organs from unmatched
donors (Fig. 10). Indeed, recent experiments have validated
this concept using a humanized mouse model of sickle cell
anemia (Hanna et al. 2007). Sickle cell anemia is the result
of a single-point mutation in the hemoglobin gene, causing
red blood cells to adopt a crescent-like shape, which renders
them nonfunctional. In this proof-of-concept study, skin
cells from the mouse model, which recapitulates the human
condition, were first reprogrammed into iPSCs. The dis-
ease-causing mutation was subsequently fixed in iPSCs by
gene targeting and the repaired cells were then coaxed into
blood-forming progenitors (Fig. 11). These now healthy
progenitors were transplanted back into anemic mice

where they produced normal red blood cells and cured
the disease. In principle, this approach could be applied
to any disease in humans for which the underlying muta-
tion is known and can be treated by cell transplantation.

However, major challenges need to be overcome before
iPSC-based cell therapy can be considered for clinical use
(Daley 2012). These include potential tumor (teratoma)
formation, the development of robust protocols to derive
the cells used for transplantation, and effective delivery of
the cells into the patient.

4.3.1 Teratoma Formation

A significant safety consideration of using iPSCs for clinical
practice is the risk of tumor formation. Undifferentiated ES
cells or iPSCs induce teratomas when injected into im-
mune-compromised animals (see Table 2). A teratoma is
a complex tumor consisting of undifferentiated embryonic
as well as differentiating cell types. Thus, a crucial challenge
for any iPSC-based therapy is to eliminate all undifferen-
tiated cells that may be present in the cell preparation used
for transplantation.

4.3.2 Differentiation into Functional Cells

A major issue of using iPSCs or ES cells for transplantation
therapy is the derivation of functional differentiated cells
from undifferentiated stem cells. Growing evidence indi-
cates that current differentiation protocols yield mostly im-
mature cells (Wu and Hochedlinger 2011). For example,
only immature b cells of the pancreas have been derived
from ES cells, yielding low levels of insulin, which would be
insufficient for replacement therapy in type 1 diabetes pa-
tients. Also, differentiation into some cell types such as the
hematopoietic lineage is extremely inefficient; so far, no
hematopoietic stem cells (HSCs) have been generated that
have successfully engrafted over the long term in immune-
compromised animals. Likewise, it remains unclear wheth-
er neuroblasts or mature neurons are the better donor cell
population for transplantation therapy of neurodegenera-
tive diseases such as PD. It will, therefore, be of great im-
portance to generate not only mature functional cells but
also the committed, self-renewing stem cells from ES cells/
iPSCs as these may be the cells that are most appropriate for
cell therapy. Thus, a major challenge for current research is
the development of robust protocols that yield homoge-
nous populations of functional cells that could be used
for cell replacement therapy.

4.3.3 Delivery of Cells

As with gene therapy, delivery of the therapeutic agent is a
crucial issue for regenerative medicine. Depending on the
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Figure 11. Proof of concept for cell therapy using iPSCs in a human-
ized model of sickle cell anemia. Transgenic mice carrying the human
a-globin gene and the anemia-causing b-globin variant develop
disease that resembles human sickle cell anemia. Skin cells were
reprogrammed to iPSCs by the four Yamanaka factors and c-Myc
was removed by Cre-mediated excision. Homologous recombination
was used to correct the mutation in the defective b-globin gene; the
corrected iPSCs were differentiated into hematopoietic stem cells and
transplanted into the mutant mice. The cells engrafted and generated
normal red blood cells curing the anemia.
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target tissue, cell delivery can be straightforward or com-
plex. For example, HSCs normally colonize the bone mar-
row when injected into the circulation, a principle that has
been successfully used in the clinic for decades. Thus, if
HSCs could be successfully derived from iPSCs, their deliv-
ery would pose no problem. Similarly, pancreatic b cells
derived from cadavers have been shown to regulate glucose
levels when transplanted into the livers of type 1 diabetes
patients, although long-term survival of the cells was com-
promised owing to immune rejection. If mature b cells
could be differentiated from patient-specific iPSCs, they
would still be rejected because of the underlying autoim-
mune disorder inherent to diabetes and would therefore
require repeated transplantation. Some applications, such
as cell replacement therapy in PD patients, face yet addi-
tional challenges because the transplanted cells would need
to be placed into a specific brain region by stereotactic
injection.

In summary, many hurdles need to be overcome before
the iPSC approach can be considered for clinical applica-
tion (Daley 2012). However, recent progress in tissue engi-
neering is encouraging and suggests that some of these
obstacles are of a technical nature and, hence, should be
surmountable. For example, epithelial and endothelial cells
seeded on scaffolds of decellularized material have pro-
duced artificial tissues that can function for a limited
time when transplanted into animals (Wu and Hochedlin-
ger 2011). Nevertheless, it should be emphasized that cell
transplantation for tissue regeneration will be extremely
challenging for diseases such as Alzheimer’s, muscular dys-
trophy, or cystic fibrosis in which a large fraction of dys-
functional cells in complex organs such as brain, skeletal
muscle, or lung and intestine would need to be replaced.

5 AN UNRESOLVED ISSUE: ARE iPSCs EQUIVALENT
TO ES CELLS?

Both iPSCs and ES cells are equivalent based on criteria
such as expression of pluripotency markers, in vitro differ-
entiation to various cell types, and in vivo differentiation in
the teratoma assay (Fig. 8). However, controversy exists as
to whether specific epigenetic or genetic differences distin-
guish iPSCs from ES cells. A number of studies found that
iPSCs showed a higher level of mutations (Gore et al. 2011;
Hussein et al. 2011) and different global expression pat-
terns (Chin et al. 2009) when compared with ES cells. It was
also discovered that iPSCs displayed “epigenetic memory”
of the donor cells; iPSCs derived from fibroblasts, blood, or
liver cells had a DNA methylation signature reminiscent of
the respective donor cells (Kim et al. 2010; Lister et al. 2011;
Ohi et al. 2011). However, these issues remain controversial
as more extensive studies comparing large numbers of ES

cells and iPSCs failed to find significant expression
(Guenther et al. 2010; Newman and Cooper 2010) or epi-
genetic differences (Bock et al. 2011), arguing that the dis-
similarities between ES cells and iPSCs reported in the
previous studies were not larger than the variations seen
within individual ES cells or iPSCs. Also, it was discovered
that mutations found in iPSCs cells preexisted in the donor
cells (Cheng et al. 2012; Young et al. 2012) rather than were
accrued de novo as a consequence of reprogramming. In
addition, methylation changes seen in early-passage iPSCs
tended to disappear with continuous culture (Polo et al.
2010), suggesting that such epigenetic differences between
ES cells and iPSCs are not stable and may be of little func-
tional consequence.

Nevertheless, much evidence indicates that highly var-
iable biological characteristics such as the propensity to
differentiate into specific functional cells exist between ES
cells and iPSCs, as well as between individual iPSCs and ES
cells (Bock et al. 2011). The basis for these profound dif-
ferences is manifold and includes differences in genetic
background, variegation effects, and residual transgene
expression of the viral vectors used to induce reprogram-
ming (Soldner et al. 2009). It has further been shown that
parameters associated with the iPSC derivation process,
such as the stochiometry of the reprogramming factors
(Stadtfeld et al. 2010a; Carey et al. 2011) or the particular
medium composition used to culture the cells (Stadtfeld
et al. 2012), can profoundly affect the quality of the resul-
tant iPSCs.

For any iPSC-based disease research, the variability be-
tween individual iPSC clones in their ability to proliferate
or differentiate poses a potentially serious limitation. For
example, if a subtle phenotype in the survival of dopa-
minergic neurons from a PD-derived iPSC line was seen
in comparison to cells derived from control iPSCs, the
question is whether this phenotype truly reflects a dis-
ease-specific abnormality rather than variability between
genetically unrelated iPSC lines. The use of ZNF-based
gene-targeting approaches to create isogenic pairs of ex-
perimental and control iPSCs that differ exclusively at a
single-disease relevant mutation offers one approach to
overcome this potential problem (Fig. 9B) (Soldner et al.
2011). Any cellular change seen in the patient-derived cells,
but not in isogenic controls, would give confidence that
the respective phenotype is indeed disease-related and
not a consequence of variability between different iPSCs.
Thus, for long latency diseases such as PD or Alzheimer’s,
in which the patient-specific phenotype may only be subtle,
the generation of isogenic pairs of disease and control cells
may be particularly important. However, it should be em-
phasized that genetically matched control cells cannot be
generated for iPSCs from polygenic diseases.
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6 CONCLUDING REMARKS

The generation of iPSCs eight years ago has provided re-
searchers with a unique platform to dissect the mecha-
nisms of cellular reprogramming, which largely remained
elusive for the past six decades. Although many questions
remain, interesting insights have been gained into the pro-
cess of reprogramming, such as the finding that cells un-
dergo defined sequential molecular events in an apparently
stochastic manner, which are influenced by the choice and
number of transcription factors as well as the starting cell
type and environmental cues. The ease with which iPSCs
can be generated with improved methodology has facilitat-
ed the development of chemical and small interfering RNA
screens as well as biochemical studies that should further
unravel the mechanisms of this process.

The discovery of iPSCs has also influenced our view of
normal development; only a few transcription factors are
actually needed to potently change cell fate and, hence,
mammalian cells must have developed epigenetic mecha-
nisms to efficiently lock in a cell once it has differentiated.
These mechanisms are often broken in cancer cells, which
show features of stem cells and signs of dedifferentiation
(discussed further in Baylin and Jones 2014). Notably,
many signaling pathways mutated in cancer cells have re-
cently been shown to affect the formation of iPSCs, indi-
cating remarkable similarities between tumorigenesis and
cellular reprogramming.

The isolation of iPSCs has also sparked new interest in
interconverting mature cell types directly into each other,
which has already led to a number of remarkable examples
for pancreatic, cardiac, hepatic, and neural cell types. It is
likely that many other direct cell switches will be achieved in
the near future. It remains to be tested, however, whether
cells generated by direct transdifferentiation as well as in
vitro differentiation of iPSCs are functionally equivalent to
their in vivo counterparts.

Despite numerous technical advances in the derivation
of human iPSCs, relatively little is known about their mo-
lecular and functional equivalence with ES cells, which
might ultimately affect their potential clinical utility. Ad-
dressing these questions will require a careful analysis of the
genomic and epigenomic integrity of human iPSCs, as well
as the development of novel differentiation protocols and
reliable assays to evaluate the functionality of iPSC-derived
specialized cells.
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