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Recent developments in stem cell research have enobled the rcprcgromming of somatic cells to a pluripotent stote using exogenous
factots. lnduced pluripotent stem (iPS) cells hove the potentio! to differentiote into ony cell type, and are being used to elucidote the
moleculor events thot permit the conversion of one cell type to onother. iPS cells hove potential uses in in vitro diseose madeling ond
toxicology screening, ond os cellular therapies ond regenerotive medicine; however, vorious sofety concerns exist thot must be resolved
befare iPS cell theropy becomes o rcality. Potential risks arc rclated to the delivery of the endogenous foctors, olterotions in toryet cells,
the cellulor effects of the expression and reactivation of the factors that induce plutipotency, and sofety issues reloted to the incorrect
charocteization ond incomplete differcntiation of the reprogrommed cells. ln this review the technique used to generate iPS ceils ts
described, followed by o discussion ofthe safety concerns and how these concens arc currently being oddrcssed.
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lntroduction
In the past 3 years, the induction of somatic cells to
a pluripotent state using exogenous factors has been
demonstrated. This development has significant scientif ic
and therapeutic consequences because pluripotent stem
cells have the potential to differentiate into any cell type,
and are being used to elucidate the molecular events that
permit the conversion of one cell type to another. The
abil ity to induce somatic cells to become pluripotent also
has potential applications in in vitro disease modeling,
toxicology screening, cellular therapies and regenerative
medicine U,21.

Until recently, somatic cells could only be reprogrammed to
become pluripotent by the transfer of nuclear material into
an enucleated oocyte (also known as cloning), or by being
fused to embryonic stem (ES) cells (Figure 1) [1]. ES cells
are DluriDotent stem cells that are derived from the inner
cell mass of blastocyst-stage embryos [2]. Ethical issues
related to the use of human embryos and/or oocytes
have imDeded their use both in research and in the
development of cellular therapies. 14any of the ethical
barriers associated with the use of stem cells have been
overcome by the discovery that pluripotency can be induced
in mouse somatic cells without the use of embryos [3].
Pluripotent cells of non-pluripotent origin are known as
induced pluripotent stem (iPS) cells. iPS cells are derived
from the introduction of stem cell-associated genes into
non-pluripotent cells cultured under specific arowth
conditions. After 3 to 4 weeks in culture, small numbers
of cells (0.0001 to 0.1olo) gain pluripotent stem cdll-l ike
characteristics [4-61. Since this methodology was first
demonstrated to produce iPS cells in 2006, this research

field has evolved rapidly. The first human iPS cells were
generated in 2002 and the first studies of the use of cells
derived from iPS cells to treat disease in animal models
have since been published in the l iterature [7-10]. However,
while knowledge in this area is !ncreasing exponentially,
safety concerns relating to the therapeutic use of iPS cells
rema in.

The safety concerns regarding the therapeutic use of
iPS cells relate to various aspects of the cellular
reprogramming process i l lustrated in Figure 2, The
potential risks are associated with the choice of factors
used to reprogram cells, and relate to the cellular effects of
their prolonged expression and reactivation [5]. In
addition, the use of integrating viral vectors to deliver the
reprogramming factors to the cells has led to concerns
regarding the potential for insertional mutagenesis [11,12].
The choice of target cell to reprogram is currently based
on convenience rather than safety, and whether potentially
harmful genetic or epigenetic alterations are essential
for successful cellular reprogramming is unknown [13].
Moreover, there are currently no standardized, reliable
methods to identify and characterize reprogrammed
cells, leading to variabil ity in the molecular and cellular
characteristics, and differentiation potential of individual
iPS cell clones [14]. In addition, the induced differentiation
of pluripotent cells is at an early stage of development,
and litt le is known about the long-term stabil ity of iPS cells
and their differentiated derivatives [2]. In this review, the
technique for generating iPS cells is described, and the
safety concerns regarding the use of iPS cells and how
these concerns are currently being addressed are
discussed.
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Figure l. Methods used to generate pludpotenl stem cells trom adult somatlc cells.

A
Nucl€ar transfer Cett fusion

Nuctear transfer invotves the enucteation of an oocyte, fottowed by the transfer of a somatic ceL[ nucleus into the ennucLeated oocyte. Thls process
teads to the .eprogramming of the nucteus derived from the somaticceL[ and is atso known as ctoning. Celtfusion is the process bywhich a somatic
cetLis fused to an embryonic stem celt.

Data collection
A systematic MEDLINE literature search (January 01 2006
to May 02 2009) was conducted using the search term
'induced pluripotent stem cell '  [15]. The EMBASE and
Cochrane databases were screened for additional relevant
articles using the same search term and date l imitations
[16,17]. This produced a total of 124 articles. The
abstracts were sorted by relevance, and all articles that
described issues relating to the induction or subsequent
use of iPS cells were selected. The bibliographies of
relevant articles . were reviewed to identify additional
pertinent studies. A total of 82 articles were selected and
examined for relevant data,

The generation of induced pluripotent stem
cells
The direct reprogramming of somatic cells to become
pluripotent was first demonstrated in 2006 by the
conversion of adult mouse fibroblasts into iPS cells bv the
retroviral exDression of transcriDtion factors known to be
active in ES cells [3]. Pluripotent cells were subsequently
isolated from the fibroblast cultures by selecting cells
in which a downstream target of the pluripotency gene
OCT-3/4 (octamer-binding transcription factor-3/4) was
activated, Four key factors for inducing iPS cells were
identified: OCT-3/4, SOX-2 (sex-determining-region-Y-
related-high-mobil ity-group-box-protein-2), c-MYC and
KLF-4 (kruppel-l ike factor-4). The isolated iPS cell l ines
were similar, but not identical, to ES cell l ines; the iPS cells
could form teratomas consisting of cells from all three
germ layers in nude mice, a hallmark of pluripotency, but
failed to produce viable chimeras when injected into
developing embryos (a characteristic of ES cells) [3]: In
2002 mouse-derived iPS cells with the correct methylation
patterns and capable of producing viable chimeras were

generated [4-6]. Later in the same year, iPS cells were
generated from adult human cells [28].

Since these init ial studies, adaptations of the original
protocols used to reprogram somatic cells to become
pluripotent have been described [18,19]. Depending on
the endogenous levels of c-Myc, Klf-4 and Sox-2 present
within the somatic cells used, some or all of these factors
may be excluded in the induction protocol [6,18,19]. Other
protocol adaptations include the replacement of retroviral
vectors with other delivery methods, and the development
of morphological criteria for identifying iPs cell clones [14].
In addition, iPS cells have been differentiated into various
functional cell types, including neurons, cardiomyocytes
and hematopoietic cells [29,10,20]. Disease-speciFc
iPS cell l ines have also been created from Datients with a
variety of monogenetic and complex genetic diseases,
including sickle cell disease and SCID [2lj. In animal
models, iPS cells have been successfully modified
and differentiated into specific cell types to correct defects
such as sickle cell anemia and Parkinson's disease [9,10].
The field is advancing rapidly, but the long-term safety
and stabil ity of iPS cells must be investigated before these
techniques can be used in humans, in which safety is the
priority as well as the primary regulatory requirement.

Potential safety issues
Reprogramming factors
Oct-3/4, Sox-2, Klf-4 and c-Myc have been successfully
used to generate iPs cells from various mouse and human
cell types 13,6,7,22-281. In general, Oct-3/4 and Sox-2
function as the core transcription factors required for the
induction of pluripotency, while Klf-4 and c-Myc increase
the efficiency of Oct-3/4 and Sox-2 [29,30]. However, many
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Flgure 2. The generation of induced pluripotent stem celts.
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of the elements responsible for programming stem cells
are also important in tumor cells, ln lhe Potential safety
/ssues section of this review, the potential safety concerns,
particularly regarding tumorigenicity, of the factors used to
induce somatic cells to become pluripotent are reviewed.

Oct-314
Oct-3/4 belongs to the octamer (Oct)-binding transcription
factor family, and plays a crucial role in maintaining the
pluripotency and differentiation potential of a celi [:].
OCT-3/4 is the only factor that is indispensible for
the induction of iPS cells from somatic cells f18]. For

example, in neuronal stem cells, which have high
endogenous levels of SOX-2, ?-MYC and KLF-4 expression,
the ectopic expression of OCT-3/4 alone is sufficient to
generate iPS cells [18]. In differentiated adult t issues,
OCT-3/4 expression is transcriptionally silenced by DNA
and histone methylation, and the binding of transcriptional
regulators to its promoter [31]. It is essential to determine
if ectopically expressed OCT-3/4 is silenced through
similar mechanisms, and under which circumstances
reactivation may occur, as Oct-3/4 dictates the oncogenic
potential of Es cells in a dose-dependent manner [32,33].
OCT-3/4 overcxoression is detected in 25olo of solid tumors
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and is associated with an unfavorable cancer prognosis,
suggesting that specific adult progenitor cells may retain
the abil ity to respond to embryonic signals [12,31,34]. cells
overexpressing OCT-3/4 are therefore a potential driving
force in tumorigenesis. An in-depth knowledge and the
strict regulation of Oct-3/4 activity wil l be essential to
ensure iPS cells are safe for clinical aDDlications.

The Sox family
The sOX family of genes is associated with maintaining
pluripotency [3]. In contrast to OCT-3/4, which is
exclusively expressed in pluripotent stem cells, sOX genes
are also expressed in multipotent stem cells [35,36]. In
ES cells, Sox-2 and Oct-3/4 often co-occupy target genes,
including their own promoters, suggesting that these
proteins cooperate in regulatory feedback loops to maintain
pluripotency [35]. Sox-2 is indispensible in the generation
of iPs cells from somatic cells, except in somatic cells with
high endogenous SOX-2 expression [18]. The mechanisms
of SOX-2 silencing during differentiation are unknown.
SOX-2 is overexpressed in 2oo/o of solid tumors and,
simila. to OCT-3/4, is associated with an unfavorable cancer
prognosis, suggesting a role in oncogenesis 134,37-4O).
As Sox-2 is essential to the induction of iPS cells, levels
of this protein must be tightly regulated to ensure safety.

The Ktf family
Klf-4 is a widely expressed transcription factor, and
functions in various physiological processes, including
development, differentiation and the maintenance of
normal t issue homeostasis [41,42]. Several roles for Klf-4
in the generation of iPS cells from somatic cells have been
suggested, including the upregulation of the pluripotency
gene Nanog and the modification of chromatin structure to
facil i tate the binding of Oct-3/4 and Sox-2 to their target
sequences [L2,43,44], Klf-4 functions in combination with
oncogenic signal transduction proteins to stimulate cellular
proliferation, suggesting that Klf-4 itself is an oncogenic
factor [18,43]. This gene is also overexpressed in a variety
of tumor types and is associated with advanced cancer
134,41,42,45,46). If Klf-4 is essential in the generation
of iPS cells, an improved knowledge of the function,
regulation and oncogenic potential of this factor is
required to minimize the risk of tumorigenesis.

The Myc famity
c-Myc induces global histone acetylation, allowing Oct-3/4
and Sox-2 to bind to their specific target loci [12,47]. c-l ' lyc
also increases telomerase activity, which may be required
for the generation of iPS cells from somatic cells,
particularly in somatic cells with short telomeres [48,49].
The MyC family of genes are important proto-oncogenes,
and c-lvlyc has many downstream targets that enhance
cellular proliferation and transformation [3]. c-MyC
overexpression occu.s in a variety of tumors and is
associated with poor cell differentiation and an unfavorable
disease prognosis [34]. Of note, 25olo of chimeric mice
produced with c-MYc-induced iPS cells developed lgthal
teratomas, and the reactivation of the c-MyC transgene
has been implicated as the cause [5]. iPS cells have also

been generated without the addition of c-Myc and,
encouragingly, chimeric mice produced from these iPS cells
did not develop tumors after 100 days, although longer
follow up of these mice is essential to fully address the
concerns regarding the tumorigenicity of iPS cells [19,50].
In the absence of c-Myc, the process of inducing
pluripotency is slow and inefficient, with reduced numbers,
and the first emergance of colonies after 14 days
compared with 7 days in the presence of c-l4yc [19]. The
process of pluripotency induction is, however, more specific
in the absence of c-Myc, as demonstrated by the decreased
numbers of background cells and a higher proportion
of colonies expressing green fluorescent protein (GFP),
where GFP is a marker for Oct3/4 activity and thus for
pluripotent cells [19]. The increase in the specificity of
this process in the absence of c-Myc suggests that the
role of this factor may be to accelerate the growth of cells
rather than their reprogramming [51]. Despite the loss
of efficiency, the exclusion of '-MYC frcm the cocktail of
factors used to induce pluripotency is essential to prevent
the risk of c-Myc-associated tumorig€nesis.

In summary, all of the factors used to generate iPS cells
have been implicated in cancer. This is not surprising as the
regulation of self-renewal and differentiation is essential in
maintaining stem cell properties, and their dysregulation is
associated with oncogenesis. In addition, the dysregulation
of these genes may have other, less well-studied effects,
This suggests that caution is required when manipulating
these factors in human cells. First, it is imoortant
to determine which factors are essential in the
reprogramming of somatic cells to become pluripotent,
as the overexpression of non-essential, potentially
oncogenic factors leads to unnecessary risks. Although
induced gene expression is silenced by methylation
after the init ial reprogramming process, silencing is
incomplete, as demonstrated by residual transgene
expression, and reactivation may occuT at a later
time, as evidenced by the reactivation ol .-MYC
gene expression in early chimera studies [3,5-7].
Reprogramming pluripotency using non-viral and
non-genetic techniques is an attractive alternative to
circumvent several of the Droblems reviewed in this
section, and is discussed in the following section on
Factor delivery. The use of cell types such as neuronal
stem cells with high endogenous expression levels of
'-MYC, KLF-4 and SOX-2 expression in order to reduce the
number of factors required for reprogramming is another
potential strategy [18]. However, these cells are often
challenging to obtain, and are also l ikely to have increased
tumorigenic potential because of their high endogenous
expression levels of these potentially oncogenic factors,
From a safety perspective, the method used to generate
iPs  ce l l s  f rom somat ic  ce l l s  shou ld  use  the  min imum
number of inducing factors, be tightly regulated, completely
reversible and well understood.

Foctor delivery
lnit ial protocols used to generate mouse and human
iPS cells from somatic cells used retroviral or lentiviral
vectors [3,7,8,52], The infectivity of retroviruses is



l imited to dividing cells, while lentiviruses can also infect
non-dividing cells 174,20,251. More recently, iPS cells
have been produced using lentiviruses containing drug-
inducible constructs, which are advantageous because
high transduction rates are combined with the temporal
control of transgene expression [4,53-55]. However,
these viral systems all permanently integrate into the
host genome. Individual iPS cell clones have unique
transgene integration patterns, suggesting that site-specific
transgene integration is not a requirement for the
generation of iPS cells [3]. However, the random nature
of integration also means that an accurate assessment
of the risks of vector integration is more challenging
than when integrations occur at specific sites. There are
safety concerns associated with transgene integration
because of the potential for insertional mutagenesis and
the risk of transgene reactivation. Detailed analyses
have revealed approximately 20 retroviral integration
sites per iPS cell clone [7]. Unfortunately, protocols to
identify insertional mutagenesis are considered inadequate
and are biased by the choice of restriction enzymes used
[56]. The risk of transgene insertion can be reduced
by decreasing the number of factors used to induce
pluripotency [6,22]. However, low numbers of retroviral
integrations may sti l l  activate or inactivate host 9enes,
resulting in insertional mutagenesis and tumorigenicity, as
have been described in clinical trials of gene therapy [11],
For example, retrovirus-based gene therapy in patients
with X-linked SCID resulted in several cases of leukemia,
which were caused by the activation of the proto-oncogene
LMO2 (LIlvl-domain-only-2) [57]. Although transgene
expression is almost completely silenced, the reactivation
of (oncogenic) transgenes in chimeric mice has been
implicated in tumorigenesis [19]. Doxycyclin-inducible
lentiviral vectors with floxed transgenes have been
developed that allow the efficient removal of the transgene
with Cre-recombinase [58]; however, the process of
transgene removal is not completely efficient, and residual
vector sequences remain at the site of transgene insertion.
Therefore, the risk of insertional mutagenesis remains
when using systems involving floxed transgenes. This risk
could be reduced by expressing the reprogramming factors
in a single expression vector and targetinq the vector
to a specific, safe genomic locus in which the amount of
important genetic information is low, thereby reducing the
chance of disrupting essential genetic functions [59]. In
general, the use of retroviruses or lentiviruses is assumed
to confer a risk of both detectable and undetectable
genomic insertions, with the potential for insertional
mutagenesis and transgene reactivation. To ensure the
safety of potential therapeutic applications, studies have
focused on alternative methods of inducinq the expression
of the factors required for the reprogramming of somatic
cells to generate iPS cells.

The first alternative method for the reprogramming of
somatic cells to generate iPS cells used adenovirus vectors
for gene transfer [27]. Adenoviral transducti6n is
characterized by a low frequency of genomic integration in
transduced iPS cells (1 x 10-3 to 1 x 10 s per cell compared
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with at least I per cell when retroviral or lentiviral vectors
are used) that reduces the risk of tumorigenesis, and this
strategy has been used successfully to generate iPS cells
from mouse and human somatic cells [27]. The risk of
integration events is, however, not completely removed.
Other problems associated with the use of adenoviruses
to generate iPS cells include the requirement for repeated
adenoviral infection in certain cell types, a slower and
less efficient reprogramming process (reprogramming
efficiencies of 0.0001 to 0.001% using adenoviral vectors
compared with 0.01 to 0.1% using integrating viruses), and
the induction of polyploidy [14]. However, this method has
not been described for human cells. Although an
improvement over earlier methods such as those that
used retroviral or lentiviral vectors, adenoviral-based gene
transfer does not resolve all of the Dotential oroblems
associated with the integration of the vector into the
genome. The use of alternative viral vectors, such as
adeno-associated viruses, have not been described for
the generation of iPS cells, but may offer potential
advantages as these vectors integrate into the genome
at defined loci [60]. Human iPS cells have been generated
from somatic cells using non-integrating Epstein-Barr
nuclear antigen-1-based episomal vectors [61]. However,
episomal vectors are gradually lost from proliferating
cells in the absence of selection, the efficiency of the iPS
cell reprogrammjng process is low and integration into the
genome can occur.

The generation of iPS cells from both mouse and human
somatic cells using a non-viral method for transgene
integration was recently described [62]. The piggyBac
system uses the transient expression of a transposase
enzyme to catalyze the insertion of inducible transgenes
into the genome 1621. The novel feature of this method
is that the expression of the transposase enzyme can
also be used to excise the transgene from the genome.
This system is not l imited by the varying susceptibil i ty
of different cell types to viral transduction, and has the
ootential to make the oroduction of iPS cells free of
xenobiotic orocedures. However. the risk of insertional
mutagenesis remains, particularly because integration
preferentially occuTs in close proximity to transcriptional
start sites [63]. Furthermore, transgene removal is not
always complete, although technical advances using
negative selection techniques (ie, selecting for cells that
no longer contain the transgene) can reduce this risk

[64]. The reprogramming of somatic cells to become
pluripotent by plasmid transfection has also been
described [65]. The efficiency of the plasmid transfection
method is low, with an efficiency of approximately
0.00001%, which is 10- to 100-fold less efficient than
when using retroviral methods, possibly because
transgene expression is reduced [65]. In 2 of 11 iPS clones
the incorporation of plasmid into the host genome was
detected; this high rate of plasmid integration could be
caused by a selective advantage resulting from insertional
mutagenesis [65]. Although improvements in transfection
methods are being developed, all nucleic acid-based
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methods have a risk of causing permanent changes to
the somatic aenome caused by their insertion [66].

The transduction of protein transcription factors could avoid
the issues associated with nucleic acid-based methods.
However, transcriDtion factors have a short half-l i fe
and their use is hampered by purif ication problems,
particularly caused by a lack of solubil ity and interactions
between the transcription factor and the solvent [14].
Hot4,ever, iPS cells have recently been generated from
somatic cells using recombinant, cell-penetrating
proteins [67]. Oct-4, Sox-2, Klf-4 and c-t ' lyc proteins were
conjugated to a polyarginine protein transduction domain,
purif ied and transduced into mouse embryonic fibroblasts,
in which the proteins remained stable for approximately
48 h [67]. The mouse embryonic fibroblasts underwent
four cycles of treatment with the recombinant proteins,
and supplementation with valproic acid increased the
reprogramming efficiency [66,67]. This led to the formation
of iPS cells, albeit at a low efficiency (approximately
0.000050/o) [67]. The use of protein transcription factors
greatly improves the safety of iPS cells by avoiding the
risk of modifying the target cell genome with exogenous
genetic sequences; however, improvements in the
efficiency of these methods are required before clinical
applications can be developed.

Another interesting strategy is the use of reagents or
small molecules that do not cause permanent changes to
the genome [66,58-70]. HDAC and DNA methyltransferase
inhibitors can improve the efficiency of genetic factors
to reprogram somatic cells to become pluripotent

166,67,69,701. Wnt3a (wingless-type IYMTV integration
site family member 3A), a cell signaling molecule that
transcriptionally activates targets including c-Myc, can
compensate for the reduction in reprogramming efficiency
observed in the absence of high levels of c-Myc [68].
Other chromatin-modifying agents, such as trichostatin
A and 5-aza-2'-deoxycytidine, can induce the transient
expression of pluripotency-associated genes, including
OCT-4 1771. An important consideration when using
these methods is the genotoxicity of these agents, and
therefore extensive monitoring is required [71].

In general, to ensure the safety of iPS cells for clinical
applications, all reprogramming factors should be
transiently expressed by using protein factors and/or small
molecules. These agents avoid the risk of integrational
mutagenesis and/or reactivation of the transgenes, and
also potentially allow for the tight regulation of factor
exDression.

Choosing a starting cell population
Fibroblasts are often used in the generation of iPS cells
as their isolation is straight forward, and this cell type is
readily available and is compatible with ES cell culture
conditions [14]. Various other somatjc cell types have been
successfully reprogrammed, including stomach cells [22],
l iver cells [22], pancreatic p-cells [26], lymphocytes [23],
keratinocytes and neural progenitor cells [18,28]. The

somatic cell type used influences the ease of transfection,
and the kinetics and efficiency of reprogramming [14]. The
titers of viral vectors that are required for reprogramming
can vary between cell types, with, for example, 100- to
200-fold higher titers being required to reprogram mouse
fibroblasts than to reprogram liver cells [27]. In addition,
some cell types (eg, stomach and liver cells) can be
reprogrammed more rapidly than others (e9, f ibroblasts),
although it remains unclear why this is the case [22,14].
Various aspects should be considered when choosing
the starting cell population for therapeutic applications.
Somatic cells used for the generation of iPS cells should
be obtained from the patient or donor non-invasively and
safely. In addjtion, the safest method of factor
transduction, as discussed in the Factor delivery section,
should be feasible in the chosen cell type, and the
reprogramming process must be of sufficient efficiency to
ensure the formation of iPS cell clones from the sample
used. The source of the somatic cells should also be
carefully considered with regard to the aqe and the l ikelihood
of acquired DNA damage. Skin cells, for example, are
likelv to have accumulated ultraviolet-induced mutations
and would therefore be less suitable for clinical
applications.

Choracterization of iPS cells
Only a small proportion of the somatic cells that express
all four factors (Oct-3/4, c-Myc, Sox-2 and Klf-4) can be
induced to become pluripotent [3]. Although the ratio
between factor expression levels influences the efficiency
of reprogramming, and the expression of all factors from
a single vector can improve efficiency, efficiencies never
exceed 0.19o [591. Protocols that do not include the
transduction of c-Myc and those that use adenoviral-,
plasmid- oT protein-based transfection techniques
demonstrate particularly reduced reprogramming
efficiencies [3]. This suggests that other factors such as
the differentiated state of the target cell, cell-cycle status
and genetic background may influence the reprogramming
efficiency [13].

One possibil i ty is that rare stem or progenitor cells
coexist in fibroblast cultures and give rise to iPS cells.
However, the efficiency of reprogramming did not
increase when iPS cells were derived from bone marrow,
which is enriched for stem and progenitor cells [3].
Microarray experiments suggested that the iPS cells
and the fibroblasts used to generate these cells had the
same cell origin [3], In addition, somatic imprinting was
retained in the iPS cells, suggesting a non-stem-cell origin

[3], Furthermore, iPS cells derived from terminally
differentiated B-lymphocytes retained immunoglobin
rearrangements, again demonstrating that these cells
were of somatic origin [23]. Although these studies
demonstrate that somatic cells can be reprogrammed,
they also suggest that the reprogramming is incomplete.
The consequences of features retained from the original
somatic cell are unclear.



Another question is whether site-specific retroviral
integration is required for the reprogramming of
somatic cells to induce iPS cells. iPS cell clones contain
approximately 20 detectable integrations and an unknown
number of undetectable ones, some of which may cause
the silencing or activation of endogenous genes that
are essential for the generation of iPS cells [3]. The idea
that integration into the genome was required for the
induction of iPS cells was supported by the observation that
induction methods with a reduced integration risk were
also less efficient at inducing iPS cells [65-67]. However,
the generation of iPS cells by protein transduction suggests
that the genomic integration of transgenes is not
essential [67]. Another possibil i ty is that only cells with
(minor) chromosomal alterations are reprogrammed.
Although studies have not identif ied significant numbers of
chromosomal alterations within the iPS cell clones, each iPS
cell clone has not been tested for all possible chromosomal
alterations 13,4,71. For example, a cell with an endogenous
mutation in a gene regulating c-l4yc expression (increased
levels of c-Myc increase the reprogramming efficiency
[19]) may be more l ikely to be reprogrammed than a cell
without intrinsic mutations. For clinical applications using
iPS cells, the screening of iPS cell clones for integrations
and/or disease causing mutations wil l be necessary to
reduce the risks associated with the use of these cells.
As detailed genomic analysis becomes cost-effective, th€
knowledge of disease-causing mutations wil l increase
exponentially and the large-scale screening of iPS cell clones
will become feasible.

Various criteria have been us€d to define iPS cells. A
set of standardized definit ions and criteria to aid the
reproducibil i ty and interpretation of iPS cell-based
experiments have been formulated, and are divided into
morphological, molecular and functional criteria [14].
Morphologically, iPS cells must be identical to ES cells and
demonstrate unlimited self-renewal [14]. On a molecular
level, iPS cells must display gene-expression profi les
tha t  a re  ind is t ingu ishab le  f rom ES ce l l s ,  inc lud ing  the
expression of key pluripotency factors and functional
telomerase, and the absence of transgene expression
[4,14,70], iPS cells must also be epigenetically similar to ES
cells [14]. At a functional level, iPS cells must demonstrate
the abil ity to differentiate into l ineages from all three
embryonic germ layers [14]. This can be demonstrated
through various tests, which are l isted in the order of
increasing stringency: in vitro dif f erentiation, teratoma
formation in immunodeficient mice, contribution to
chimera production following blastocyst injection, germline
transmission and the generation of iPS cell-derived
mice [73]. In mice, the accepted functional test for the
presence of iPS cells is chimera formation 173,741. For
human cells, the formation of teratoma is accepted as the
most stringent available test 124,57,741. HoweveT, as
was observed in early mouse studies on the generation
of iPS cells, teratoma formation does not guarantee
chimera formation, and thus it is currently challenging to
unequivocally demonstrate reprogramming in human
cells [3]. Furthermore, teratoma formation is a tumor
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assay as well as a test of pluripotency; cells without the
abil ity to form teratomas may be safer for clinical use,
questioning the validity of the use of the teratoma assay
to define iPS cells [75]. In addition, tumor development is
assessed using chimeric mice; however, reprogramming
during embryogenesis is predicted to reduce the apparent
tumorigenicity of iPS cells [75]. Therefore, this method
of assessing oncogenicity does not simulate how iPS cells
would be used in regenerative medicine. Neither the focal
injection or the intravenous administration of iPS cells
has been described in methods used to investigate and
evaluate tumorigenicity, but these routes of administratjon
are predicted to more accurately reflect the risk to patients

[75]. The development of additional ,n yitro differentiation
assays combined with transplant models is essential to
stringently assess pluripotency in human iPS cells [14,76].

The stabil ity of iPS cells has not been determined in
long-term culture. Genetic instabil ity has been demonstrated
in human ES cells cultured long-term, and this instabil ity
increases over time. Therefore, the genetic stabil ity of iPS
cell l ines in long-term culture needs to be investigated
[74]. Telomere length increases with an increasing number
of passages in iPS cells cultured ln vltfo, suggesting that
this is a process that occurs following the reprogramming
events [48]. The increase in telomere length may
represent a safety concern because this is also associated
with a malignant phenotype [48], iPS cell l ines that are
easy to culture are predicted to have reduced rates of
sDontaneous differentiation and an associated increase in
tumorigenicity [75]. Therefore, the most appropriate iPS
cells for clinical use may be the most diff icult to culture [75].
For potential therapeutic applications, a standardized and
validated procedure for characterizing iPS cells at a specific
number of passages is essential.

Differentiotion
l" louse and human iPS cells have been differentiated
into various functional cell types, including neurons,
cardiomyocytes and hematopoietic cells [7,9,10,20].
These proof-of-principle experiments have increased the
interest surrounding the potential applications of iPS cells,
For example, in a humanized sickle cell anemia mouse
model, iPS cells were derived from mouse fibroblasts,
The defective gene was replaced by homologous
recombination, and the cells were differentiated into
hematopoietic cells. These cells were successfully used
to treat the sickle cell anemia mouse model, leading to
substantial improvements in hematological and systemic
parameters comparable to the control mice [9].

The range of somatic differentiation observed in human
iPS cells is, however, different from mouse iPS cells [24],
Human iPS cells have been induced to differentiate alonq
lineages that are representative of the three embryonic
germ layers, but robust methods to differentiate human
pluripotent cells into all possible cell types are currently
lacking. In addition, there is a lack of evidence that all
reprogrammed cells can differentiate into cell types that
function appropriately upon transplantation and are able
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to rescue disease models. Human iPs cells, which cannot
undergo the more stringent functionality tests of chimera
formation, may not possess all of the characteristics of
pluripotent cells [74]. Another possibil i ty is that various
iPS cell l ines derived from the same somatic cells may vary
in their abil ity to differentiate, possibly because of
variations in the epigenetic status of the cells, as has been
observed in ES cells [24,51]. The process of differentiation
is inefficient and the functionality of the cells produced
is not always correct; ior example, the hematopoietic
differentiation of iPS cells produces mostly fetal
hematopoietic cells instead of adult hematopoietic cells.
Cells differentiated from iPS cells in vltro must be compared
functionally with their in vivo counterparts. Isolating
differentiated cells at a sufficient ourity is essential to
ensure that undifferentiated, potentially tumorigenic cells
are not present within the iPS cell population [77]. However,
the level of purity required for clinical use is currently
unknown, and a single stem cell that is resistant to
differentiation may result in tumorigenesis. Methods
proposed to eliminate stem cells from differentiated cells
include the introduction of stem cell-specific suicide genes
and the use of chemotherapeutic agents [78,79]. How
features of the original cell type that are retained in
the reprogrammed cells, such as latent mutations that
were present in the original cell, wil l react to a different
environment in the body is unknown, In addition, when
treating autoimmune diseases, the immune system may
react to newly introduced epitopes; for example, patients
with type 1 diabetes mellitus may react to reintroduced
pancreatic B-cells. Therefore, the tracking of cells in vivo
will be necessary to determine their cell fate [2]. Significant
research is sti l l  required to develop reliable methods of
inducing differentiation in iPS cells that pose no safety
concerns  fo r  the i r  po ten t ia l  use  as  therapeut ics .

Conclusion
The discovery of methods to generate human iPS cells
without the use of embryos is beginning to play an
important role in,n vitro disease modeling and in the
dissection of the molecular events associated with
pluripotency, l ineage commitment, l ineage switching and
differentiation [14]. ln addition, the generation of iPS
cells has implications for customized cellular replacement
therapies because cellular derivates of an individual's
own reprogrammed cells are unlikely to be rejected
[6]. Potential disease indications include Parkinson's
disease, SCID, sickle cell disease and regenerative
medic ine .

As discussed in this review, major safety issues regarding
the use of iPS cells exist, and it is essential that these
issues are resolved for the therapeutic applications of
iPS cells to be considered seriously. lvlany protocols
used to generate iPS cells involve the risk of insertional
mutagenesis. Although the transgenes are silenced after
the reprogramming process, epigenetic reactivation of
the potentially oncogenic factors could have detrimeital
effects in tissues [51]. Whether the genetic or epigenetic
abnormalit ies of the somatic cells from which the iPS

cells are derived are essential for their successful
reprogramming is unknown, as is whether these
abnormalit ies could confer certain characteristics to
the differentiated progeny of the iPS cells. In addition,
the differentiation process is problematic. The interplay
between all of these factors in the induction of iPS cells
must be elucidated further before safety issues can be
accurately assessed and addressed.

An improved knowledge of the molecular processes
involved in the induction of iPS cells is required to improve
the methodology used for the generation and monitoring
of these cells. The development of safe methods of factor
expression, preferably without the risk of genomic insertion
is essential. In addition, the strict regulation of factor
expression is required. Rigorous and validated procedures
for the differentiation of iPS cells must be develoDed, as
well as strict control procedures to prevent the introduction
of potentially undifferentiated tumorigenic cells, Both
in vitro and in vivo studies must be conducted with long-
term follow up to assess the long-term stabil ity, cell fate
and oncogenic potential of the reprogrammed cells.
Various safetv-related issues must also be addressed. For
example, the identical genetic and epigenetic profi le of
the cells derived from iPS cells wil l need to be confirmed
as cell production is scaled up [2]. Therefore, a general
and efficient method of characterizing large numbers of
human iPS cells and iPS cell-derived cells wil l need to be
developed to provide a routine, high throughput method
for quality control [77]. In addition, the induction and
differentiation Drocess would need to conform to Gl,4P
conditions, including an absence of contamination by
animal products during the derivation and culture of iPS
cells. conditions for the transport and storage of iPS cells
wil l also need to be determined.

In conclusion, the therapeutic potential of iPS cells is large.
iPS cells are currently used in the modeling of human
disease and tissue-specific toxicology /n vifro. The question
of whether iPS cells wil l be safe for clinical use cannot
currently be definit ively addressed. Additional knowledge
regarding all stages of the induction of iPS cells and
their subsequent differentiation is required to correctly
understand the ootential safetv issues. Scientif ic and
regulatory developments wil l determine whether the
potential of this technique can be realized.
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