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Abstract

Induced pluripotent stem (iPS) cells can be generated from various embryonic or adult cell types
upon expression of a set of few transcription factors, most commonly consisting of Oct4, Sox2, c-
Myc and KIf4, following a strategy originally published by Takahashi and Yamanaka in 2006
(Takahashi and Yamanaka, 2006). Since iPS cells are molecularly and functionally similar to
embryonic stem (ES) cells, they provide a source of patient-specific pluripotent cells for
regenerative medicine and disease modeling, and therefore have generated enormous scientific and
public interest. The generation of iPS cells also presents a powerful tool for dissecting
mechanisms that stabilize the differentiated state and are required for the establishment of
pluripotency. In this review, we discuss our current view of the molecular mechanisms underlying
transcription factor-mediated reprogramming to induced pluripotency.

Introduction

Somatic cells can be reprogrammed to iPS cells by the delivery of a few pluripotency-
related transcription factors. Since the original description of iPS cells in Shinya
Yamanaka’s landmark 2006 report (Takahashi and Yamanaka, 2006), studies of
transcription factor-induced reprogramming to the iPS cell state have branched into two
explosive fields of research. First, no longer hindered by the technical and ethical limitations
associated with somatic cell nuclear transfer (SCNT) and cell fusion, reprogramming via the
Yamanaka approach provides a new avenue to investigate basic questions of cellular
plasticity and pluripotency. Secondly, the iPS cell technology enables the derivation of
patient-and disease specific pluripotent stem cell lines, which has opened the door to disease
modeling, drug discovery, and cell replacement strategies.

Both of these branches of iPS cell research are affected by the inefficiency of the
reprogramming process (Table 1). Despite the variety of recent publications reporting DNA-
free or integration-free reprogramming via protein delivery of the reprogramming factors or
the use of RNA viruses, the most efficient generation of iPS cells is based on genomic
integration of DNA encoding the reprogramming factors, most commonly through lenti-or
retroviral transduction (Table 1). The use of most iPS cells is therefore thought to be
affected by genomic alterations that could lead to phenotypic artifacts arising from
insertional mutagenesis or expression of the oncogenic reprogramming factors
(Hochedlinger et al., 2005;Nakagawa et al., 2008;Okita et al., 2007;Wernig et al., 2008b).
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The hope is that a better understanding of the reprogramming process will lead to improved,
more efficient reprogramming technologies that don’t require genomic integration, linking
the two major avenues of reprogramming research. Similarly, a better general understanding
of how a small set of transcription factors can reset the epigenetic landscape of cells, gained
from the reprogramming process, could also further the development of rational
differentiation strategies for pluripotent cells, which will be important for disease modeling
and therapeutic applications of iPS and ES cells.

Despite the numerous reports demonstrating tactics to boost the efficiency of
reprogramming, the molecular requirements as well as barriers of the reprogramming
process are only beginning to be defined. Many studies are looking for small molecules,
miRNAs, siRNAs, or growth factors in efforts to substitute individual reprogramming
factors to lower the need for genomic integration while allowing efficient reprogramming
(Table 2). Others aim at uncovering pathways that are essential for the induction of
pluripotency and contribute to overcoming reprogramming barriers. Perhaps the biggest
question underlying the mechanism of reprogramming is how such a small set of
transcription factors can destabilize the somatic program and eventually lead to the
establishment of an ES cell- specific transcriptional network. Our review aims to summarize
the most recent studies describing the molecular events taking place during the
reprogramming process, and to discuss the mechanistic obstacles proposed to limit the rate
and efficiency of faithful conversion to pluripotency.

Reprogramming Basics

iPS cells have been generated upon ectopic expression of Oct4, Sox2, cMyc and KIf4 from a
number of species including human (Lowry et al., 2008; Park et al., 2008; Takahashi et al.,
2007; Yu et al., 2007), mouse (Maherali et al., 2007b; Okita et al., 2007; Takahashi and
Yamanaka, 2006; Wernig et al., 2007), rat (Li et al., 2009b), pig (Wu et al., 2009), and
rhesus monkey (Liu et al., 2008), and many different cell types such as fibroblasts,
terminally differentiated lymphocytes and other blood cells, stomach and liver cells, neural
progenitors, keratinocytes, melanocytes, and pancreatic -cells (Aasen et al., 2008; Aoi et
al., 2008; Hanna et al., 2008; Kim et al., 2008b; Stadtfeld et al., 2008a; Utikal et al., 2009a).
While cMyc, KIf4, and Sox2 can be replaced in the reprogramming process by close
homologs and small molecules, Oct4 appears more pivotal and so far could only be
efficiently replaced by its upstream regulator, the orphan nuclear receptorNr5A2 (Table 2
and references therein). The diversity of cell types and species that have been reprogrammed
and the general applicability of the four original reprogramming factors suggests a generic
fashion in which the four factors act and indicates that there probably is no cell-type specific
barrier that cannot be overcome by the action of the reprogramming factors leading to a
evolutionary conserved pluripotency network. Nevertheless, the starting cell type can alter
the dependence on the reprogramming factors, efficiency, and kinetics. For example, the
high expression level of endogenous Sox2 and moderate levels of cMyc and Klf4 in neural
precursor cells (NPCs) allow reprogramming with only Oct4, albeit very slowly (Kim et al.,
2009b). Addition of ectopic Sox2 may even interfere with the reprogramming of NPCs
(Eminli et al., 2008; Silva et al., 2008), suggesting that there are ideal levels of the
reprogramming factors in relation to each other to induce pluripotency.

In a typical reprogramming experiment, ectopic expression of Oct4, Sox2, cMyc, and KIf4
in the starting cell type leads to downregulation of somatic genes and formation of ES cell-
like colonies, culminating in the upregulation of an ES cell-like gene expression program
and pluripotent capabilities after two to four weeks (Figure 1) (Brambrink et al., 2008;Chan
et al., 2009;Li et al., 2010;Mikkelsen et al., 2008;Samavarchi-Tehrani et al., 2010;Sridharan
et al., 2009;Stadtfeld et al., 2008b; Takahashi and Yamanaka, 2006). As indicated by the low
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reprogramming efficiency (Table 1), most cells that receive and express the reprogramming
factors, and their daughter cells, do not progress to the faithfully reprogrammed state
indicating major epigenetic barriers to reprogramming. It should be noted though, that the
reported efficiencies depend hugely on the criteria with which iPS cell colonies are scored,
whether all starting cells are considered or only those cells carrying all four reprogramming
factors, and whether proliferation is taken into consideration.

To identify and/or quantify faithful reprogramming events, the best strategy generally is to
observe the induced expression of endogenously encoded pluripotency markers such as Oct4
and Nanog (Maherali and Hochedlinger, 2008). In the mouse system, researchers often take
advantage of pluripotency reporter cell lines generated via knockin approaches in ES cells.
In human reprogramming experiments, staining for pluripotency surface markers have been
applied successfully to identify faithful reprogramming events (Chan et al., 2009; Lowry et
al., 2008). Alternatively, it has been proposed that iPS cell colony number can be assessed
using morphological criteria or alkaline phosphatase staining when combined with inducible
vectors coding for the reprogramming factors, as only cells that have entered the pluripotent
state become independent of the ectopic factors while cells that have not progressed into
pluripotency remain dependent on transgene expression and regress to their somatic state
upon transgene silencing (Brambrink et al., 2008; Stadtfeld et al., 2008b; Wernig et al.,
2008a).

Upon faithful reprogramming, mouse and human iPS cells are similar to their respective ES
cell counterparts in terms of gene expression and genome-wide distribution of epigenetic
marks (Chin et al., 2009; Hawkins et al., 2010; Maherali et al., 2007b; Mikkelsen et al.,
2008; Okita et al., 2007; Takahashi et al., 2007; Wernig et al., 2007). In agreement with their
molecular similarity to ES cells, reprogrammed cells also satisfy a range of functional
pluripotency assays (Jaenisch and Young, 2008). These include differentiation into the three
germlayers in vitro and in teratomas, and, for mouse iPS cells, contribution to chimera with
germline transmission and the most stringent pluripotency assay of all, tetraploid (4N)
complementation, which allows the derivation of adult mice completely derived from iPS
cells (Boland et al., 2009; Jaenisch and Young, 2008; Kang et al., 2009; Zhao et al., 2009).
However, not all mouse iPS cell lines support tetraploid complementation and the inability
to do so has recently been associated with inappropriate silencing of the imprinted DIk1-
Dio3 gene cluster on mouse chromosome 12gF1 (Stadtfeld et al., 2010), indicating that
reprogramming also results in aberrant epigenetic programming. Interestingly, germline
competence of mouse iPS cells appears improved upon expression of additional
transcription factors like Thx3 during the reprogramming process (Han et al., 2010),
although it remains unclear why this would be the case. Of course, the analysis of the
developmental potential of human iPS cells, as with human ES cells, is limited to teratoma
formation and in vitro differentiation.

Differentiation Potential influences Reprogramming Efficiency and Kinetics

In the early days of reprogramming to induced pluripotency, it was thought that the low
reprogramming efficiency seen within a couple of weeks after delivery of the
reprogramming factors was due to the lack of expression of all four factors in the same cell,
as the retroviruses coding for each reprogramming factor were individually packaged.
However, the current use of polycistronic lentiviral cassettes argues against the idea of
heterogeneous transgene expression as the main cause of the low reprogramming efficiency
as it only slightly increases the number of faithfully reprogrammed colonies over the system
that uses individual retroviruses (Chang et al., 2009; Sommer et al., 2009) (Table 1).

J Cell Physiol. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ho et al.

Page 4

Similar results were obtained with secondary reprogramming systems (Carey et al., 2009;
Hockemeyer et al., 2008; Maherali et al., 2008; Stadtfeld et al., 2009; Wernig et al., 2008a;
Woltjen et al., 2009)(Table 1). This method entails the generation of primary iPS cell clones
with inducible reprogramming cassettes and subsequent differentiation in vitro, or chimera
formation upon blastocyst injection in vivo, in the absence of transgene expression to obtain
genetically modified, homogeneous somatic cell populations. These cells can then be
induced to re-express the reprogramming factors across the entire population to generate
secondary iPS cell clones. Even the establishment of the “reprogrammable” mouse with a
single defined integration site for an inducible, polycistronic reprogramming factor cassette
enabled only slightly more efficient reprogramming of fibroblasts compared to viral or
transposon methods (Carey et al., 2009; Stadtfeld et al., 2009). The inducible secondary
reprogramming system or reprogrammable mouse have several benefits as they allow
reprogramming of cell types that are typically difficult to transduce and enable the
comparison of reprogramming efficiencies of different somatic cell types from the same
mouse.

Notably, experiments with cells from “reprogrammable” mice support the conclusion that
insertional mutagenesis is not a key driver of reprogramming as predicted from non-
integrative reprogramming studies and mapping of viral insertion sites (Aoi et al., 2008;
Varas et al., 2009; Winkler et al., 2010). Consequently, one of the key questions in the
reprogramming field has been whether only a particular subset of cells within the starting
population, for example only those cells with a more undifferentiated state such as adult
stem cells or progenitors, possess the ability to reach the iPS cell status.

To test whether fully differentiated cell types can be reprogrammed, the generation of iPS
cell lines from mature mouse B cells was successfully achieved. Resulting iPS cell lines
contained specific immunoglobulin re-arrangements reflecting their origin from mature B
cells and gave rise to mouse progeny with a monoclonal immune system (Hanna et al.,
2008). However, up-regulation of the myeloid transcription factor CCAAT/enhancer-
binding proteins-o (CeBPa), which can reprogram B cells into macrophage like cells (Xie et
al., 2004), or downregulation of the transcription factor Pax5, an essential regulator of
mature B cell development (Cobaleda et al., 2007), were necessary for iPS cell induction
from mature B cells. Subsequently, the establishment of iPS lines from mature human and
mouse B and T lymphocytes without the need to modulate these blood-specific transcription
factors was reported (Eminli et al., 2009; Loh et al., 2010; Seki et al., 2010; Staerk et al.,
2010). The reasons behind the different requirements for mature B cell reprogramming in
these studies remain unclear but may be related to the particular secondary reprogramming
system used, the expression levels of the reprogramming factors, and/or culture conditions.

In one of these studies, the authors then investigated how the developmental state affects
reprogramming efficiency by isolating blood cells at various differentiation stages and found
that progenitor and hematopoietic stem cells give rise to iPS colonies with a much higher
efficiency and in less time compared to differentiated cells of the same lineage (10-28%
versus 0.03%-0.5%)(Eminli et al., 2009). As the enhancement in reprogramming was
independent of cell division rate, these data argue against a model positing strictly that only
few starting cell types, particularly more undifferentiated states, are susceptible to
reprogramming, but rather suggest that the degree of differentiation influences
reprogramming efficiency and kinetics. A similar correlation of differentiation state and
reprogramming potential has been made in SCNT experiments (Hochedlinger and Jaenisch,
2006).
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Almost all cells in a population can give rise to daughter cells that form iPS

cells

From the results described above, it still remains unclear why only a select number of cells,
even when expressing similar levels of the reprogramming factors, become iPS cells within
two to three weeks. An interesting question was therefore to elucidate whether every cell in
the starting population has the potential to eventually, i.e. after longer exposure to the
reprogramming factors, give rise to iPS cells. By clonally expanding individual pre-B cells
or monocytes from a secondary reprogramming system in 96-well plates and screening the
progeny derived from each cell for its ability to reprogram, it was shown that almost every
starting cell ultimately gives rise to daughter cells that can reach the iPS cell state (Hanna et
al., 2009b). In agreement with the previously observed low reprogramming efficiency, the
first reprogramming events could only be observed after eight to ten days in 3-5% of wells.
However, prolonged exposure of doxycycline for up to 18 weeks and constant passaging led
to around 92% of wells to become Nanog positive at variable times.

The finding that the timing of faithful reprogramming varies widely among cells indicates
that at least one event driving the reprogramming process, if not more, is stochastic in nature
(Hanna et al., 2009b)(Figure 2A). The authors further found that an experimentally induced,
increased proliferation rate of pre-B cells, through p53 or p21 inhibition or Lin28
overexpression, accelerates the reprogramming process (Hanna et al., 2009b). However, the
authors also showed that Nanog overexpression in the same pre-B cells increased their
reprogramming rate without altering cell cycle kinetics, indicating that the reprogramming
rate per cell cycle can be enhanced. It is important to note though that, even by the end of
these clonal reprogramming experiments at around 18 weeks, not all daughter cells within
each clonal population was faithfully reprogrammed, but typically just a few, irrespective of
an identical genetic background. This findings highlights that there are major epigenetic
barriers that interfere with the reprogramming of most cells in the culture and can be
overcome by events that are stochastic in nature (Figure 2B).

Combining the fact that almost every pre-B cell in the culture has the potential to give rise to
at least a few daughter cells that faithfully reprogramming, with the result that, at least for
the blood lineage, differentiation state influences both reprogramming efficiency and
kinetics, all somatic cells may be amendable to reprogramming, but more undifferentiated
cells in the population have a higher probability to overcome reprogramming barriers.
However, experiments with clonal reprogramming assays of cells at different differentiation
stages, which determines proliferation rate, plating efficiency, and transgene levels, need to
be performed to eventually test this hypothesis. Such experiments may be complicated by
the fact that different cell types require different cytokines in vitro that could directly alter
the reprogramming process and many other variables.

Molecular events during reprogramming

The detailed events occurring between the time of exogenous expression of the
reprogramming factors and the establishment of the iPS cell state remain largely
uncharacterized. This is primarily due to the low efficiency and slow kinetics of the process,
and the fact that cells that will successfully complete the reprogramming process cannot be
pre-selected. However populations that give rise to iPS cells with higher efficiencies can be
enriched from intermediate stages of reprogramming (Stadtfeld et al., 2008b).

Several groups have chronologically traced events that occur during the first two to three
weeks upon induction of the reprogramming factors in mouse embryonic fibroblasts (MEFs)
(Figure 1). The first change in gene expression is the downregulation of somatic markers
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including key mesenchymal genes (Li et al., 2010;Mikkelsen et al., 2008;Samavarchi-
Tehrani et al., 2010;Stadtfeld et al., 2008b). Concomitantly, epithelial genes like E-cadherin
become upregulated as cells undergo a mesenchymal-to-epithelial transition (MET) and start
proliferating (Li et al., 2010;Mikkelsen et al., 2008;Samavarchi-Tehrani et al., 2010).
Undergoing MET is an essential early step of reprogramming as activation of Tgfp
signaling, inhibition of BMP signaling, or depletion of MET genes such as E-cadherin
interfere with reprogramming to induced pluripotency (Li et al., 2010;Samavarchi-Tehrani
et al., 2010). Using high resolution time-lapse imaging to backtrack faithful reprogramming
events, an increase in proliferation rate and a concomitant decrease in cell size were detected
in all successful reprogramming cases as early events, followed by stereotypic colony
formation 4-8 days later leading to iPS cell clones (Smith et al., 2010).

It has also been reported that embryonic markers such as alkaline phosphatase (AP) and the
stage specific embryonic antigen-1 (SSEA-1) cell surface marker are induced relatively
early in the reprogramming process in a subset of cells (Brambrink et al., 2008; Stadtfeld et
al., 2008b). Some cells from the SSEA-1 positive subpopulation then give rise to faithfully
reprogrammed cells and activate the expression of endogenously encoded Oct4, Sox2, and
Nanog, which are considered the most stringent markers of complete reprogramming
(Mabherali et al., 2007b; Stadtfeld et al., 2008b). Meanwhile, the SSEA-1 negative cells are
depleted for iPS cells as judged at a parallel time point, suggesting a defined order of events
in the reprogramming process. In the faithfully reprogramming cells, many other
pluripotency-related genes, i.e. genes highly expressed in ES cells, often even specific for
this cell type, and/or functionally important for the establishment and maintenance of the
pluripotent state, are upregulated at around this point (Chan et al., 2009; Mikkelsen et al.,
2008; Samavarchi-Tehrani et al., 2010).

At this point, cells can sustain the pluripotent state independently of ectopic reprogramming
factor expression indicating a stable conversion of cell fate and the establishment of the
pluripotency network (Brambrink et al., 2008; Stadtfeld et al., 2008b). Depletion of the
exogenous factors at earlier times of reprogramming leads the cells to revert back to a
differentiated cell phenotype (Brambrink et al., 2008; Stadtfeld et al., 2008b). When using
retroviruses, silencing of the integrated retroviral transgenes occurs rather efficiently
(Maherali et al., 2007b), possibly due to the actions of Trim28, Zfp806 and histone and
DNA methyltransferases as the pluripotent state is established (Lei et al., 1996; Matsui et al.,
2010; Rowe et al., 2010; Wolf and Goff, 2009). Retroviral silencing is not absolutely
necessary to establish an autonomous, self-renewing ES cell state, since iPS cells can be
generated using constitutively active lentiviral vectors to deliver the reprogramming factors
(Brambrink et al., 2008; Sommer et al., 2010). However, differentiation of these cells can be
severely impaired if the expression levels of the reprogramming factors remain high
(Brambrink et al., 2008; Sommer et al., 2010). In female mouse cells, the somatically
silenced X chromosome is reactivated during the reprogramming process (Maherali et al.,
2007b), while in human iPS cells the inactive X chromosome is maintained from the somatic
state (Tchieu et al., 2010), pointing at differences between the mouse and human
reprogramming process (Figure 1).

Collectively, these data suggest that successful reprogramming leading to an iPS cell clone
within two to three weeks upon initial induction of the reprogramming factors follows a
defined sequence of events with a series of steps, each only taken successfully by few cells
(Figure 2B and 2C). Why it typically takes at least 8-10 days to detect the first complete
reprogramming event and whether the same path from one to the next reprogramming event
is taken by each cell that ultimately will undergo faithful reprogramming remains unclear
(Figure 2C). A finer resolution of intermediate cell states will address these question and
reveal whether reprogramming simply reverses normal development and follows through a
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line of progenitor steps. Single cell studies will be key to address this problem (Chan et al.,
2009; Smith et al., 2010). Studies of X chromosome reactivation during reprogramming may
be particularly helpful as chromatin changes accompanying X chromosome silencing during
development and the conversion of the euchromatic active to a heterochromatinized inactive
state are well defined and because this process affects an entire chromosome and can
therefore be easily visualized.

Even though the first reprogramming events occur in two to three week, the pre-B cell
experiment described above demonstrated that most reprogramming events will occur much
later, even as late as 18 weeks post induction of the reprogramming factors (Figure 2A). To
explain this variable latency of induction of pluripotency, one can then propose a model in
which one early, stochastically timed step determines the overall kinetics of each individual
reprogramming event and all subsequent steps occur in a stereotypic fashion. Alternatively,
each step may be stochastically timed, and transitions from one step to the next may not
follow the same molecular path. Of course, these models need not to be mutually exclusive.

Barriers of Reprogramming

Exploring the pre-iPS cell state

A key task during the last couple years has been to identify molecular barriers of
reprogramming that explain why only few cells, even in a clonal population, reprogram. A
few groups, including our own, have been able to isolate a relatively stable, intermediate
population of cells coined partially induced or reprogrammed pluripotent stem (pre-iPS)
cells. These cells arise from fibroblasts two to three weeks after induction of the
reprogramming factors as SSEA1-positive colonies with an ES cell like morphology and are
capable of clonal expansion (Mikkelsen et al., 2008; Silva et al., 2008; Sridharan et al.,
2009). Comparison of the transcription profiles of pre-iPS and ES/iPS cells revealed that
many endogenous pluripotency genes such as Oct4 and Nanog are not reactivated, while
somatic markers are already efficiently silenced (Mikkelsen et al., 2008; Sridharan et al.,
2009). In agreement with the notion that reactivation of the somatically silenced X
chromosome occurs with similar timing as that of Oct4 and Nanog, the X is still inactive in
pre-iPS cells (Silva et al., 2008; Sridharan et al., 2009). Furthermore, pre-iPS cells are likely
stabilized by ectopic expression of the four reprogramming factors and express a subset of
genes that are neither active in MEFs or ES/iPS cells. Interestingly, pre-iPS cells obtained
from neural precursor and B cell reprogramming experiments appear stalled at a similar
stage as those derived from fibroblasts suggesting that the reprogramming pathways from
different somatic cells channel into comparable pre-iPS states(Mikkelsen et al., 2008).

While it is not absolutely clear that pre-iPS cells represent an intermediate that occurs
transiently during the reprogramming process, they are not simply an aborted
reprogramming artifact because pre-iPS cells can convert into iPS cells upon addition of
ERK and GSK inhibitors (termed 2i), which also leads to the stabilization of Nanog protein
levels(Silva et al., 2008; Sridharan et al., 2009). Similarly, the DNA demethylating agent 5-
azacytidine (Mikkelsen et al., 2008), ascorbic acid addition (Esteban et al., 2010), or Tgfp-
inhibition (Ichida et al., 2009), each facilitate the conversion of pre-iPS cells into fully
reprogrammed clones. Given that all these treatments also improve the efficiency and
kinetics of the reprogramming process when starting from somatic cells and the fact that
pre-iPS cells transcriptionally mirror a late intermediate of the reprogramming process, these
findings support the use of pre-iPS as a useful platform for the identification of pathways
that will allow the enhancement of final steps of reprogramming (Figure 1). Interestingly,
various pre-iPS cell clones react differently to a range of small molecule stimuli in their
ability to convert to iPS cells (Ichida et al., 2009), suggesting that there are so far
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unappreciated molecular differences among them that will be interesting to uncover in the
future.

Reprogramming factor binding in pre-iPS and iPS cells

An analysis of Oct4, Sox2, KIf4, and cMyc target genes by chromatin immunoprecipitation
in combination with microarrays (ChlIP-chip) in mouse iPS and pre-iPS cells provided
significant insight into the action of the reprogramming factors (Sridharan et al., 2009). In
iPS cells, just like in ES cells, cMyc and the trio of pluripotency transcription factors Oct4,
KIf4, and Sox2 form largely separable transcriptional networks in ES cells, based on the
finding that they target largely non-overlapping sets of genes in these cells (Chen et al.,
2008; Kim et al., 2008a; Sridharan et al., 2009). cMyc binds many genes involved in cellular
metabolism, cell cycle regulation, and biosynthetic pathways, while the majority of Oct4,
Sox2, and KIf4 targets encode developmental, transcriptional regulators. Interestingly, many
ES/iPS cell targets of Oct4, Sox2, and KIf4 are not bound by these transcription factors in
pre-iPS cells (Sridharan et al., 2009). A correlation of binding with expression data
suggested that the lack of Oct4, Sox2, and KIf4 binding to pluripotency-related genes in pre-
iPS cells is responsible for the lack of reactivation of these genes at this state. On the
contrary, cMyc targets of ES/iPS cell are often already bound and strongly expressed in pre-
iPS cells (Sridharan et al., 2009) (Figure 1). Collectively, these findings suggest that
transcriptional network downstream of cMyc becomes induced early in the reprogramming
process and that the activation of key pluripotency-associated genes occurs via binding of
Oct4, Sox2 and KIf4 only at the end of the reprogramming process.

In agreement with this conclusion, expression of only cMyc in MEFs induces a gene
expression profile most similar to that of ES cells when compared to the profiles of MEFs
induced to express any of the other reprogramming factors individually (Sridharan et al.,
2009). Additionally, upregulation of cMyc and KIf4 in fibroblasts before induction of Oct4
and Sox2 positively enhances reprogramming while pre-expression of Oct4 and Sox2 has no
such effect (Markoulaki et al., 2009). Interestingly, cMyc is not essential as reprogramming
factor but enhances the efficiency and kinetics of the process (Nakagawa et al., 2008;
Wernig et al., 2008b). Thus, the main functions of ectopically expressed cMyc can, directly
or indirectly, be taken over by Oct4, Sox2, and KIf4, and may occur via induction of
endogenously encoded cMyc genes. Even though ectopic cMyc function may have a
powerful role early in the reprogramming process, it is likely that it is also essential for later
steps as well as it needs to maintain expression of its downstream target network in the
pluripotent state.

Nanog expression lowers barriers during final steps of reprogramming

The inability of Oct4, Sox2, and KIf4 to bind to their iPS/ES cell target gene promoters until
late in the reprogramming process was proposed to present a major obstacle to faithful
reprogramming to pluripotency (Sridharan et al., 2009)and it is interesting to speculate on
the causes. One explanation may be that additional ES cell-specific transcription factors are
necessary to synergize with Oct4, Sox2, and Klf4 to allow binding and activation of
pluripotency gene promoters. The key pluripotency regulator Nanog would be a great
example for such a factor as it binds many of the Oct4, Sox2, and Klf4 targets in ES cells
(Boyer et al., 2005; Loh et al., 2006), biochemically interacts with Oct4 and other
transcription factors in ES cells (Wang et al., 2006), and is only upregulated during the pre-
iPS to iPS cell transition at the end of the reprogramming process (Mikkelsen et al., 2008;
Silva et al., 2009; Sridharan et al., 2009). Nanog’s absence in pre-iPS cells could therefore
affect the binding pattern of Oct4, Sox2, and KIf4 in these cells. Inagreement with this idea,
Nanog positively affects reprogramming by cell fusion and facilitates human and mouse
reprogramming (Silva et al., 2006; Yu et al., 2007; Hanna et al., 2009b). Similarly, Tgfp-
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inhibition, which enhances the pre-iPS to iPS cell transition, may also occur through
upregulation of Nanog expression (Ichida et al., 2009). Importantly, Smith and colleagues
demonstrated that Nanog is absolutely essential for the full induction of pluripotency and
required only during the final stages of the reprogramming process (Silva et al., 2009).
Similar to Nanog, other pluripotency transcription factors not yet strongly expressed in pre-
iPS cells such as Sall4 also boost reprogramming efficiency (Tsubooka et al., 2009) and
biochemically interact with the Oct4 transcriptional network (Liang et al., 2008; Wang et al.,
2006; Yang et al., 2008). Future studies aimed at understanding why the four
reprogramming factors target different genes in pre-iPS cells in comparison to ES/iPS cells
should yield insights into the transcriptional regulation of the pluripotency program, the role
of chromatin (see below), and perhaps lead to new methods of increasing the conversion
efficiency into iPS cells.

Chromatin state as a reprogramming barrier

Reprogramming to pluripotency is associated with a major resetting of the chromatin
landscape, which is deemed necessary in order to activate the ES cell-specific transcriptional
program while silencing tissue-specific genes. Accordingly, genome-wide analyses of
several histone methylation marks (H3K9me2, H3K4me3, H3K27me3) and DNA
methylation in fibroblasts, pre-iPS and iPS cells indicated that substantial changes in these
modifications occur during reprogramming largely being reset to an ES cell-like pattern
(Chin et al., 2009; Doi et al., 2009; Hawkins et al., 2010; Maherali et al., 2007b; Mikkelsen
et al., 2008; Sridharan et al., 2009). Likewise, asymmetric cytosine methylation that is only
prevalent in ES cells is reestablished upon faithful reprogramming based on candidate gene
analysis (Lister et al., 2009).

A wide range of publications suggests that re-establishing ES cell-like chromatin marks is
critical for the reprogramming process. The analysis of promoter DNA methylation profiles
of the Nanog and Oct4 loci revealed that these genes are hypermethylated in MEFs and pre-
iPS cells in direct contrast to the unmethylated status observed in iPS and ES cells (Maherali
et al., 2007a; Mikkelsen et al., 2008). Notably, this demethylation appears to occur very late
in the reprogramming process and serves as a good indicator of faithful reprogramming
events. In agreement with the notion that DNA methylation may interfere with efficient
reprogramming, the addition of the DNA de-methylating drug 5-azacytidine or depletion of
maintenance methyl transferase Dnmtl increases the efficiency with which iPS cells are
generated from pre-iPS cell lines (Mikkelsen et al., 2008). When added at different times
during the reprogramming process, only 5-azacytidine treatment during the final phase
enhanced the process suggesting that it largely is advantageous at the late intermediate stage
(Mikkelsen et al., 2008). However, one should be careful when interpreting such results
given that inhibition of DNA methylation induces apoptosis in differentiated cells (Jackson-
Grusby et al., 2001), but not in the pluripotent state (Li et al., 1992), and hence perhaps acts
by changing population dynamics at earlier stages of reprogramming.

Interestingly, the DNA demethylation machinery centered on the AID protein has recently
been implicated as an essential player in ES cell-somatic cell fusion experiments (Bhutani et
al., 2010), but direct targets and the question of how the enzyme is recruited still remain
unclear, and its role in iPS cell production has not yet been tested. Nevertheless, this finding
suggests that active DNA demethylation is important to allow reprogramming.
Alternatively, passive mechanisms may be in place to lower the DNA methylation content in
pluripotency promoters, potentially acting in S-phase when the DNA methylation mark gets
copied during DNA replication.

Similar to DNA methylation, it has been suggested that histone modifications impact the
reprogramming process. For example, a subset of pluripotency genes lacks the typically
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activating histone H3 lysine 4 methylation in MEFs and pre-iPS cells but not in ES/iPS cells
(Sridharan et al., 2009). Since histone H3 K4 methylation and DNA methylation are
typically mutually exclusive (Meissner et al., 2008; Zhang et al., 2009), the lack of this
modification may correlate strongly with the presence of DNA methylation at pluripotency
promoters in pre-iPS cells and MEFs. This repressive chromatin environment could preclude
Oct4, Sox2, and KIf4 binding at pluripotency loci in pre-iPS cells.

Further evidence for the role of chromatin in reprogramming comes from the result that
histone deacetylase inhibitors including TSA, valproic acid (VPA), suberoylanilide
hydroxamic acid(SAHA), and butyrate (Huangfu et al., 2008a; Liang et al., 2010), as well as
the small molecule BIX (Shi et al., 2008), supposed to inhibit the histone H3 K9
methyltransferase G9A, enhance the production of iPS cells. It should be noted though, that
all these small molecules that target either histone or DNA modifiers likely also act on the
global chromatin status. Therefore, they could not only directly affect the chromatin state at
key promoters or enhancers, but be critical for the reprogramming process in a more indirect
manner. However, addition of VPA enables replacement of cMyc in mouse and cMyc and
KIf4 in human reprogramming experiments (Huangfu et al., 2008a; Huangfu et al., 2008b),
suggesting a functional overlap between these reprogramming factors and histone
acetylation. The fact that cMyc interacts with histone acetyl transferases further supports this
idea (Frank et al., 2003; McMahon et al., 2000).

Of course, chromatin-based regulation is not limited to the direct modification of DNA and
histones. Chd1, a chromatin remodeling enzyme belonging to the chromodomain family
with a SNF2-like helicase domain, is essential for the production of iPS cells (Gaspar-Maia
et al., 2009). Similarly, overexpression of chromatin remodelers with an ES cell-specific
expression component, like the SWI/SNF-type BAF complex, enhances reprogramming
efficiency and kinetics (Singhal et al., 2010), but again insights into the mechanisms
involved are lacking at this point. Future studies of the localization of chromatin marks, of
the enzymes that establish or remove these marks or remodel chromatin, and of
reprogramming factor binding during the reprogramming are necessary to reveal the detailed
path by which chromatin governs reprogramming. One interesting question will be whether
the chromatin state at pluripotency genes changes first to allow reprogramming factor
binding or whether the reprogramming factors bind first to then change the chromatin state
by recruiting the respective chromatin modifying machinery.

Nuclear architecture as a roadblock to reprogramming

In the mouse system, distinct pluripotent stem cell populations have been generated from
embryos at different developmental stages (Nichols and Smith, 2009). Epiblast stem cells
(EpiSCs), obtained from the d5.5 egg cylinder express many pluripotency-associated genes
alsopresent in blastocyst-derived ES cells (as for example Oct4 and Sox2) and, like ES cells,
can differentiate into the three germ layers in vitro and in teratomas (Brons et al., 2007;
Tesar et al., 2007). Notable differences between these two pluripotent stages, however,
include differential signaling pathway dependence with EpiSCs relying on Activin A and
bFGF and ES cells depending on Lif, the inability of EpiSCs to contribute to chimeras upon
blastocyst injection, and silencing of one X chromosome in female EpiSCs but not in ES
cells. EpiSCs have therefore represent a developmentally more advanced, “primed”
pluripotent state, while ES cells display “naive” pluripotency (Nichols and Smith, 2009).
Upon switching from bFGF/activin to Lif- containing media, ectopic expression of Nanog,
KIf4, or cMyc, addition of small molecules that can replace these reprogramming factors, or
enhancement of Lif signaling, mouse EpiSCs reprogram to the pluripotent capabilities of ES
cells (Bao et al., 2009; Guo et al., 2009; Hanna et al., 2009a; Silva et al., 2009; Yang et al.,
2010). Notably, for the field of induced pluripotency, the conversion of EpiSCs to the ES-
like state is also typically characterized by alow efficiency, with about 1% reprogramming
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efficiency. While the optimal set of reprogramming factors or culture conditions for efficient
EpiSC to ES cell conversion may not yet be identified, this finding points to major barriers
that even limit reprogramming from primed to naive pluripotency and suggests that some
aspects of the cellular identity of EpiSCs is more similar to somatic, differentiated cells than
iPS/ES cells.

In agreement with this conclusion, the mapping of replication timing has revealed that
EpiSCs are more similar to committed cells types than to ES/iPS cells (Hiratani et al., 2009).
Furthermore, within the nucleus of EpiSCs, there is an accumulation of compacted
chromatin near the periphery that is typically found in somatic cells but not in ES cells, and
the Oct4 gene is localized more peripherally in EpiSCs than in ES cells (Hiratani et al.,
2009). Together, these data suggest that a global event that can reorder replication timing
profiles and subnuclear architecture is required to permit induction of naive pluripotency.
Interestingly, like EpiSCs, pre-iPS cells are more somatic cell- like in their genome
organization and replication timing signature (Hiratani et al., 2009). Potentially, nuclear
reorganization is difficult to achieve and represents a major barrier to the reactivation of
pluripotency genes towards the end of the reprogramming process. Thus, EpiSCs, just like
pre-iPS cells, are a useful tool to study the induction of naive pluripotency, particularly since
fewer factors are required for this conversion to iPS cells. As a side note, naive human ES
cells have so far not been derived from human blastocysts and the typical human ES cell is
similar to primed mouse EpiSCs state. Recently, Jaenisch and colleagues demonstrated that
human ES/iPS cells can also acquire a naive pluripotent phenotype upon ectopic expression
of KLF4 with OCT4 or KLF2 and culture in 2i media with LIF, but again, the efficiency of
this conversion is low(Hanna et al., 2010).

Apoptosis and senescence as barriers of fibroblast reprogramming

In contrast to many somatic cells that often have a limited proliferative potential and
undergo stress- induced senescence, ES cells self-renew indefinitely in culture and are
therefore considered immortal. Intriguingly, senescence appears to be incompatible with
reprogramming to pluripotency and could represent another barrier to the process. In support
of this idea, serial passaging of fibroblasts is associated with a dramatic decrease in
reprogramming efficiency (Utikal et al., 2009b). Several reports have now demonstrated that
the downregulation of tumor suppressor components such as p53, p21 (Cdknla), p16
(Ink4a) and p19 (Arf) in fibroblasts enhances the efficiency and kinetics by which iPS cells
are generated, either via inducing immortalization or interfering with apoptosis(Banito et al.,
2009; Hong et al., 2009; Kawamura et al., 2009; Li et al., 2009a; Marion et al., 2009; Utikal
et al., 2009b). In agreement with these findings, iPS cells, like ES cells, normally express
low levels of p53 and Arf. The fact that another study that used pre-B cells instead of
fibroblasts argued that p53 depletion acts by enhancing cell cycle kinetics (Hanna et al.,
2009b) may indicate that p53 acts differently in these cell types, or could be the result of the
particular reprogramming scheme employed or differing reprogramming factor levels.

The use of knockout serum replacement (KSR) enhances the generation of mouse iPS cells
in comparison to FBS-containing culturing media(Blelloch et al., 2007). Vitamin C
(ascorbic acid), known for its antioxidant function, is contained in KSR and may be the key
mediator of this effect since treatment of reprogramming cultures with vitamin C enhances
both efficiency and kinetics of the process (Esteban et al., 2010). Surprisingly, this effect is
largely independent of a modulation of reactive oxygen species, but may act through
lowering p53 levels (Esteban et al., 2010). Given that reprogramming in the absence of p53,
the guardian of genome integrity, enriches for damaged cells that are not desirable for
clinical use (Marion et al., 2009), vitamin C treatment may be a safer choice to boost the
reprogramming process, particularly when applying human cells for disease studies and cell
replacement strategies. Similarly, hypoxic conditions can be applied during reprogramming
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to lower p53 levels in a subtle manner to enhance the reprogramming process (Utikal et al.,
2009b; Yoshida et al., 2009).

Together, the studies of pre-iPS cells and the reprogramming process have yielded
considerable insight into the mechanism and barriers of the reprogramming process, albeit
the detailed steps often remain unclear.

Epigenetic memory and continuing changes of the iPS cell state

Recent evidence suggests that there are differences between ES and iPS cells that are
indicative of an epigenetic memory of the starting cell in iPS cells and affect the
differentiation potential of iPS cells (Kim et al., 2010; Polo et al., 2010). Specifically, when
first derived, iPS cells still express genes and display a chromatin state that resemble aspects
of the starting cell and appear to differentiate with higher efficiency into the originating
lineage in comparison to other lineages.

These molecular and functional disparities between ES and iPS cells seem to disappear upon
continued expansion of iPS cells (Chin et al., 2009; Chin et al., 2010; Polo et al., 2010), but
whether this process selects for a more properly reprogrammed cell or whether
reprogramming continues in culture is unclear. Similarly, the use of drugs that affect
epigenetic function like TSA and 5-azacytidine erase the epigenetic memory (Kim et al.,
2010). In comparison to SCNT-derived ES cells, iPS cells may carry a stronger epigenetic
memory of their cell type of origin than SCNT-derived ES cells (Kim et al., 2010; Polo et
al., 2010) suggesting that different mechanisms are responsible for those two
reprogramming methods.

Conclusions

At present, the reprogramming field is paced by the synergistic relationship between studies
of mechanisms and the development of improved reprogramming methods that are more
conducive for clinical applications and disease modeling. While the exploration of
intermediate states proves to be an invaluable tool for improving our understanding of the
process, much work is needed in order to elucidate the exact mechanism of reprogramming
and get a handle on whether each cell follows the same path to pluripotency, what controls
the latency of reprogramming, and how different cellular origins affect the process.
Recently, small molecule screens revealed modulators of the reprogramming process (Ichida
et al., 2009; Lyssiotis et al., 2009) suggesting that reprogramming without protein factors
may be feasible in the near future. Another question that remains to be answered is whether
reprogramming selects for cells that genetically inactivate the p53/Arf pathway or similar
pathways, that when inactivated permanently are potentially detrimental to the iPS cell state
or their differentiated progeny. In any case, reprogramming to pluripotency via the
Yamanaka approach has shown that a small set of transcription factors can dramatically
modulate cell fate. We are beginning to see how new transcription factor combinations are
being defined that can convert one somatic cell type to another without going through the
pluripotent state (leda et al., 2010; Vierbuchen et al., 2010; Zhou et al., 2008) and it will be
interesting to understand the similarities and differences of these processes.
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Figure 1. Landmark events on the path to induced pluripotency

It is thought that expression of the four reprogramming factors Oct4 (O), Klf4 (K), Sox2 (S),
and cMyc (M) triggers a cascade of events within two to three weeks that leads to the iPS
cell state. Stable and clonally expandable pre-iPS cells can also be generated as a by-product
of this process and can enter the fully re-programmed state upon addition of indicated
molecules.
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A, Latency of reprogramming
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C. Stochastic pathways between reprogramming stages
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Figure 2. Considering stochastic events in reprogramming

(A) Latency of faithful reprogramming. All cells have the potential to give rise to
daughter cells that can faithfully reprogramming, but conversion to iPS cells occurs at
divergent times - as early as two weeks (top) to as late as 18 weeks for pre-B cells (bottom).
(B) Epigenetic barriers. Within a clonal populations, only a few daughter cells reach the
iPS cell status due to epigenetic barriers that need to be overcome in a stochastic manner.
(C)Pathways between reprogramming stages. It is thought that reprogramming occurs in
defined steps (see Figure 1) but could use alternative pathways between these steps. The
scenarios presented are not exhaustive, as other potential reprogramming profiles can exist.
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Table 2

Reprogramming factor replacements
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Original reprogramming factor(s)

Substitute factor

Proposed mechanism

References

nMyc or LMyc

Homologues that may be redundant in
function. LMyc has lower transformation
activity compared with cMyc.

Nakagawa et al. 2003,
2010

Oct4

and regulates its expression.

cMyc
Wnt3a c-Myc is a target of Wnt signaling. Marson et al. 2008
miR-291-3p, -294, or-295 miR290 cluster is a c-Myc target. Judson et al. 2009
KIf1, KIf2, or KIf5 Homologues that may be redundant in Nakagawa et al. 2008
function.
Klf4 Esrrb or Esrrg Esrrb regulates KIf4 expression, has Feng et al. 2009a, van
similar binding targets as Oct4, Sox2, den Berg et al. 2008,
and KIf4, and forms a protein complex Chen et al. 2008
with Qct4.
Sox1, Sox3, Sox15, or Sox18 | Homologues that may be redundant in Nakagawa et al. 2008
function.
Sox2
Nanog Nanog has similar binding targets as Ichida et al. 2009
Sox2.
Smad7 Inhibits Tgfp signaling, promoting MET. Li et al, 2010, Maherali
Sox2 and c-Myc and Hochedlinger 2009,
Ichida et al. 2009
Nr5al or Nr5a2 Binds enhancer and promoter of Oct4 Heng et al. 2010

Listed are RNAs and proteins that are able to replace individual reprogramming factors. For a comprehensive review of small molecule replacers of

reprogramming, see Feng et al. 2009.
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