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In 2006, the “wall came down” that limited the experimental conversion of differentiated cells into the pluripotent 

state. In a landmark report, Shinya Yamanaka’s group described that a handful of transcription factors (Oct4, Sox2, 

Klf4 and c-Myc) can convert a differentiated cell back to pluripotency over the course of a few weeks, thus repro-

graming them into induced pluripotent stem (iPS) cells. The birth of iPS cells started off a rush among researchers 

to increase the efficiency of the reprogramming process, to reveal the underlying mechanistic events, and allowed the 
generation of patient- and disease-specific human iPS cells, which have the potential to be converted into relevant 
specialized cell types for replacement therapies and disease modeling. This review addresses the steps involved in 

resetting the epigenetic landscape during reprogramming. Apparently, defined events occur during the course of 
the reprogramming process. Immediately, upon expression of the reprogramming factors, some cells start to divide 

faster and quickly begin to lose their differentiated cell characteristics with robust downregulation of somatic genes. 

Only a subset of cells continue to upregulate the embryonic expression program, and finally, pluripotency genes are 
upregulated establishing an embryonic stem cell-like transcriptome and epigenome with pluripotent capabilities. Un-

derstanding reprogramming to pluripotency will inform mechanistic studies of lineage switching, in which differenti-

ated cells from one lineage can be directly reprogrammed into another without going through a pluripotent interme-

diate.
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Introduction

Epigenetic mechanisms preside over our genetic infor-

mation to enable development from the fertilized, totipo-

tent oocyte to the adult body. The astonishing reprogram-

ming experiment published by Shinya Yamanaka in 2006 

demonstrates the profound flexibility of the mammalian 
epigenome: in less than one month’s time, a handful of 

transcription factors can reprogram differentiated mouse 

cells back to a pluripotent state, referred to as induced 

pluripotent stem (iPS) cell state [1]. Only one year, after 

the publication of this seminal study using mouse cells, 

human iPS cells were generated with very similar com-

binations of transcription factors [2-5]. Because human 

and mouse iPS cells represent an inexhaustible source 

of cells, highly similar to embryonic stem (ES) cells, the 

Yamanaka era of stem cell biology is driven by tremen-

dous medical interest. Patient-specific pluripotent cells 

have already been created and will hopefully be used as 

substrates for modeling disease pathogenesis and provide 

immune-matched sources for cell or tissue grafts [2-12].

The Yamanaka screening strategy to find factors that 
can induce pluripotency is surprisingly simple and af-

fordable [1]. The first reprogramming experiment in-

volved retroviral-mediated overexpression of two dozen 

well-defined pluripotency regulators in mouse embryonic 
fibroblasts, and led to emergence of cells that morpho-

logically resemble ES cells upon selection for expression 

of a resistance gene inserted into the Fbx15 locus, which 

encodes an ES cell-specific gene. Subsequent experi-

ments, in which factors were dropped from the original 
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mix, showed that induction of pluripotency is more ef-

ficient when only four factors, Oct4, Sox2, Klf4 and c-
Myc, are co-expressed in fibroblasts [1]. A characteriza-

tion of the resulting iPS cell clones demonstrated, how-

ever, that not all of the genes typically expressed in ES 

cells were strongly upregulated. In agreement with this 

notion, these original iPS cells self-renewed and differen-

tiated into diverse cell types of all three germ layers, but 

did not support adult chimerism upon blastocyst injec-

tion. Subsequent improvements of methods for the selec-

tion of faithfully reprogrammed cells allowed the deriva-

tion of iPS cells that are able to contribute to all three 

germ layers and the germline in mice [13-15], bringing 

them closer to the developmental potential of mouse ES 

cells. Some newer mouse iPS cell lines can even gener-

ate purely iPS cell-derived animals by tetraploid comple-

mentation, which is the most stringent pluripotency test 

available [16-20]. Many mouse and human iPS cell lines 

induced by overexpression of Oct4, Sox2, Klf4 and c-

Myc were extensively characterized at the molecular 

level, and are similar to ES cells in their expression and 

chromatin signatures [15, 21-24]. Thus, reprogramming 

leads to the silencing of somatically expressed genes and 

upregulation of ES cell genes, concomitant with the re-

setting of chromatin structure. 

To understand the reprogramming process, one could 

look at the role that Oct4, Sox2, Klf4 and c-Myc play in 

ES cells. These transcription factors are all important for 

the establishment and/or maintenance of pluripotent state 

during early embryonic development (see recent review 

[25] for further reading about their function). Important-

ly, Oct4, Sox2 and Klf4 are thought to maintain the pluri-

potent, self-renewing state of ES cells by co-occupying 

the promoter and enhancer regions of a large set of high-

ly expressed ES cell-specific genes, often referred to as 
pluripotency genes [26-30]. Co-occupancy of Oct4, Sox2 

and Klf4, is often predictive for co-occupancy by Nanog, 

another ES cell-specific transcription factor [21, 27, 29-

31]. Thus, it has been suggested that Oct4, Sox2 and Klf4 

cooperate over the course of reprogramming to establish 

functional enhancosomes required for upregulation of 

the ES cell-specific transcriptome. In contrast, solitary 

binding of these factors in ES cells is generally associ-

ated with transcriptional repression and this may explain 

how Oct4, Sox2 and Klf4 are able to silence somatic 

gene expression early in the course of reprogramming. In 

contrast, c-Myc, a well-known oncogene and cell cycle 

regulator, has a largely distinct set of target genes from 

Oct4, Sox2 and Klf4 in ES cells, including numerous cell 

cycle, metabolism genes etc., thus, forming a separate 

transcriptional network [28, 29, 32]. Though c-Myc can 

co-occupy some target genes with Oct4, Sox2 and Klf4, 

it is believed that these transcription factors constitute 

two largely separate transcriptional networks in ES cells 

[32]. Interestingly, ectopic c-Myc is dispensable for the 

creation of iPS cells, but acts as an enhancer of kinetics 

and efficiency of reprogramming [33, 34], supporting the 

idea that pluripotency gene activation does not directly 

depend on c-Myc.

In this review, we will discuss the current knowl-

edge of how the reprogramming factors accomplish the 

mammoth change in gene expression leading to iPS cell 

induction. Recent reprogramming reviews cover the 

historic events that led to the iPS cell reprogramming 

strategy, improved reprogramming methods and disease 

modeling with iPS cells in depth [35, 36]. Notably, new 

reprogramming methods that convert one differentiated 

cell into another, without establishing an intermediate 

pluripotent state (lineage conversion) [37-39], point us 

to alternative approaches of induced cell fate change that 

we will discuss at the end.

(Not) all roads lead to Rome

A key characteristic of transcription factor-induced 

reprogramming to pluripotency is that the process is inef-

ficient and slow, with only a few cells that express the re-

programming factors progressing to the pluripotent state, 

within one to two weeks. Optimizing delivery method of 

the transcription factors has been an attractive strategy 

to combat this inefficiency. Recent efforts have involved 
using non-integrating episomal plasmids [3] and viruses 

[40, 41], the use of cell membrane-penetrating proteins 

[42-44] and the direct transfection of RNA [45]. Though 

some of these methods have produced poorer efficiencies 
than conventional reprogramming with retroviral deliv-

ery, they represent a step closer to clinical application, 

considering that each random integration event of a ret-

rovirus is a potential genomic hazard. The efficiency of 
reprogramming is typically calculated by determining the 

original starting cell number and the resulting iPS colony 

number. However, absolute reprogramming efficiency 

is, strictly speaking, lower than this metric, if taking into 

consideration that the starting cells divide several times 

before complete reprogramming is observed, and most 

dividing cells never reprogram and may even undergo 

apoptosis. The inefficiency of the process is a serious 

limitation to studies of the mechanism of reprogramming 

to the iPS cell state; the challenge being to molecularly 

detail the changes going on in a tiny fraction of cells 

camouflaged within a population of cells that will never 
reprogram to successful completion.

The fundamental question of whether terminally dif-

ferentiated cells, or in fact any cell type, can be turned 
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into pluripotency, or whether iPS cells are derived from 

progenitor cells hidden in the differentiated cell popula-

tion, dominated the iPS cell field for two years after the 
original Yamanaka publication. This controversy was laid 

to rest by sub-cloning pre-B cells designed to express the 

reprogramming factors from the same transgenic loci. 

Hanna and colleagues showed that in fact all individual 

cells can give rise to reprogrammed cells, if enough time 

i.e., up to 18 weeks, is given [52]. However, the major-

ity of the daughter cells never reprogram, demonstrating 

that epigenetic and not genetic barriers limit reprogram-

ming efficiency. The stochastic nature of the reprogram-

ming process suggests that Oct4, Sox2, Klf4 and c-Myc 

must encounter epigenetic barriers that can be seen as 

roadblocks in the journey to pluripotency. Furthermore, 

many different cell types reprogram with similar kinetics 

under almost identical reprogramming conditions [1, 31, 

46-51]. One might predict that the more characteristics 

the starting cell type and iPS cell end product share, the 

less roadblocks reprogramming faces and the more ef-

ficient the process will be. In agreement with this notion, 
it has become clear that the starting cell type influences 
reprogramming because the kinetics and efficiency of 

the process can dramatically differ amongst cell types. 

For example, neural progenitors expressing Sox2 and 

low levels of Klf4 can be reprogrammed more efficiently 
than fibroblasts and minimally require only ectopic Oct4 
[50, 53-55]. 

Thus, less differentiated cells could reprogram more 

efficiently than differentiated cells. This idea was ad-

dressed by experiments in the hematopoietic lineage, 

with the reprogramming factors transgenically inserted 

and inducible from the same integration site in all cells in 

the population [51]. Hematopoietic stem and progenitor 

cells, both of which represent more immature cell types, 

are more amenable for reprogramming compared to ter-

minally differentiated cell types, such as B and T cells, 

with up to 28% conversion efficiencies [51]. The repro-

gramming efficiency of these blood progenitors is the 

highest amongst any iPS cell experiment, suggesting that 

progenitors are the best starting material for reprogram-

ming with fewest barriers to the reprogramming process. 

Importantly, this higher reprogramming efficiency of 

progenitors was not simply due to proliferation differenc-

es between the different cell types. Why are progenitors 

better substrates for reprogramming than differentiated 

cells? It is possible that in progenitor cells (1) chromatin 

is more accessible for the reprogramming factors, (2) the 

transcriptional network of progenitors is easier to disrupt 

than that of differentiated cells and/or (3) the progenitor 

transcriptome is more similar to that of ES cells such that 

more appropriate transcriptional enhancers or less somat-

ic cell stabilizers are present. The answer to this question 

is unclear at this point. 

Are we there yet? Are ES and iPS cells equivalent?

As introduced above, iPS cells are functionally and 

molecularly very similar to ES cells, but are these 

two pluripotent cell types in fact identical? We have 

to remember that ES cells are derived from the pre-

implantation blastocyst and that these cells are inherently 

metastable. At any given time, ES cells fluctuate between 
at least two states: one biased to self-renew and the other 

biased towards differentiation. Heterogeneous expression 

of pluripotency genes is associated with these two states, 

and as example, ES cells interconvert between express-

ing low and high levels of the pluripotency transcription 

factor Nanog and those cells with lower levels will at 

that point in time be more receptive to differentiation-

inducing signals [56, 57]. Other factors (such as Oct4), 

are present at similar levels in the entire ES cell popula-

tion.

ES cells also possess a unique set of microRNAs that 

play an important role in regulating their gene expres-

sion [131]. While transcription factors act on the primary 

DNA sequence to regulate the expression of genes, 

miRNAs refine levels of transcribed gene products. It 

is conceivable that miRNAs can act on a pool of RNAs 

transcribed earlier, which is also relevant during cell fate 

changes, and thereby influence the switch to new gene 
expression programs. Importantly, miRNAs modulate 

differentiation by targeting pluripotency transcription 

factors [58, 59].

Global gene expression comparisons of various ES 

and iPS cell lines detected some differences between the 

two [60-66]. Importantly, besides protein-coding genes, 

miRNA expression profiles also differ between cur-

rent iPS and ES cell clones [61, 67]. It should be noted 

though, that recent experiments profiling miRNA levels 
in large number of pluripotent cell lines (both human 

iPS and ES cells) suggest that differentially expressed 

miRNAs subdivide the pluripotent cells into two groups, 

irrespective of their induced pluripotent- or embryo-

derived origin, but reflecting their p53 network status 

[68]. However, even though somatic genes and miRNAs 

are downregulated in iPS cells, in the direction of their 

respective levels in ES cells, levels for a handful remain 

statistically different. On the other hand, some ES cell-

specific genes and miRNAs do not completely reach ES 
cell level in the iPS cell state. It is also observed that 

there are genes that are ectopically expressed, deviating 

from levels seen in either the starting cell type or in the 

ES cell lines. Some recently identified large intergenic 
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non-coding RNAs (lincRNAs) fall into this class and are 

elevated in iPS cells compared to ES cells and interest-

ingly, some of these lincRNAs appear to be direct targets 

of Oct4, Sox2 and Nanog [23]. Overexpression of one 

of these RNAs, named lincRNA-RoR, leads to a slight 

increase in the reprogramming efficiency, indicating 

that high levels of these lincRNAs are advantageous for 

the generation of iPS cells [23]. These results argue that 

these statistical expression differences observed between 

ES and iPS cells can, at least to some extent, have func-

tional consequences. 

What is causing these transcriptional differences be-

tween ES and iPS cells? Is this perhaps a direct reflec-

tion in behavior of the reprogramming factors? Fully 

reprogrammed iPS cells are not dependent on the exog-

enous reprogramming factors, and when reprogramming 

is performed using the retroviral expression method, 

silencing of the reprogramming factor cassette occurs 

late in the reprogramming process when pluripotency 

is established [13-15, 69, 70]. However, some residual 

expression of exogenous reprogramming factors is often 

detected in iPS cell lines. Hence, the reprogramming fac-

tors are essential for inducing pluripotency, but leftover 

activity of the ectopic factors might also cause induction 

of inappropriate transcriptional changes at the end of 

reprogramming. While this may be true, the excision of 

reprogramming factor cassettes from the genome or the 

use of non-integrative reprogramming methods, such as 

RNA transfection or episomal transduction, still yields 

iPS cells with expression differences compared to the ES 

cell state, albeit at a much lower rate [15, 21-24, 61].

An epigenetic memory for the starting cell type

Besides undergoing transcriptional changes, cells go-

ing through reprogramming also reset their pattern of 

DNA methylation and post-translational histone modifi-

cations to the ES cell-like state [15, 21, 22, 24, 61]. How-

ever, histone modifications, and DNA methylation levels 
and distribution also show some differences between ES 

and iPS cells, which may contribute to the observed gene 

expression differences [24, 71, 72]. For instance, repres-

sive histone H3K9me3 mark in iPS cells is enriched 

in genes that are devoid of H3K9me3 in ES cells and 

among those are numerous differentially expressed genes 

[24]. The functional impact of these differences became 

apparent, when different adult cell types derived from the 

same mouse were reprogrammed and the DNA methyla-

tion profiles of resulting iPS cell lines compared to each 
other and to the cell type of origin [72, 73]. DNA methy-

lation differences were indeed identified in these geneti-
cally identical iPS clones, in ways that reflect their cell 

type of origin. An epigenetic memory of the starting cell 

types is further illustrated by the fact that each iPS cell 

line could be efficiently differentiated into the somatic 

cell type of origin, but showed reduced efficiency of dif-
ferentiation into other lineages [72, 73]. The addition of 

the DNA methylation inhibitor 5-azacytidine (Aza-C) to 

established iPS cell lines increased their differentiation 

potential, making them more similar to ES cell lines [73], 

likely by wiping out improper DNA methylation events. 

Another feature of this “epigenetic memory” is the inap-

propriate silencing of imprinted genes, by DNA methyla-

tion and histone hypoacetylation, and this is shown to 

limit the developmental potential of iPS cell lines [20]. 

Specifically, there is a correlation of silencing of the im-

printed region containing the Dlk1 gene in iPS cells and 

the inability to support tetraploid complementation in 

mouse [20]. Thus, a fundamental difference between ES 

and iPS cells appears to be the presence of an epigenetic 

memory in iPS cells linked to inappropriate silencing or 

expression of genes.

So then how can we reach the epigenetic “blank page” 

of ES cells? Interestingly, prolonged passaging of iPS 

cell clones removes some of these transcriptional and 

chromatin differences [60, 61, 72]. It is unclear though 

whether a more completely reprogrammed cell is se-

lected in this process, the reprogramming factors get 

silenced more efficiently, or whether epigenetic repro-

gramming continues in the culture, but it is possible that 

additional cell divisions help to passively erase somatic 

epigenetic marks. While functional and molecular differ-

ences are detectable between most iPS and ES cell lines, 

reprogramming of somatic nuclei by transfer into an 

enucleated oocyte (SCNT) appears to be a more reliable 

and faithful method to reset the somatic nucleus to the 

ES cell-like state, as SCNT-derived ES cell lines exhibit 

little chromatin and expression differences compared to 

traditional ES cells [73, 74]. Different reprogramming 

mechanisms might be in action during SCNT and a better 

understanding of them may lead to the development of 

reprogramming methods that are more efficient in reset-
ting the epigenome to the ES cell stage. 

Since translational applications of iPS cells require 

the efficient, safe, and reliable differentiation into spe-

cific lineages, a careful evaluation of each iPS cell line, 
potentially at different passages, is needed to choose the 

best line for a given differentiation protocol. To improve 

transcription factor-induced reprogramming, it is crucial 

to understand the temporal order of events leading to 

pluripotency and to find out how efficiently each step 

is reached, so that we can identify the steps blocking 

the reprogramming process or leading to the epigenetic 

memory in iPS cell clones.
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Steps leading to pluripotency

Is reprogramming to pluripotency a stepwise process 

with common intermediate stages? Recent live imaging 

of mouse fibroblasts undergoing reprogramming supports 
the idea that reprogramming proceeds through highly 

synchronized progressive events, with first events initiat-
ing almost immediately after induction of the reprogram-

ming factors [74]. Even though reprogramming events 

are initiated early, the presence of reprogramming factors 

is required until the end, but most cells in which these 

initial reprogramming events occur do not complete 

reprogramming [69, 70, 75]. Figure 1 accompanies the 

discussion below and represents the complex reprogram-

ming process in a labyrinth, with several possible ways, 

which do not always lead to the pluripotency exit.

In the last couple of years, mainly from studies on 

mouse and human fibroblasts, the following steps of 

transcripton factor-induced reprogramming have been 

defined. Initial steps lead to loss of differentiated cell 

characteristics; then a pre-pluripotent state is acquired, 

characterized by upregulation of some ES cell markers, 

which leads to the emergence of the self-sustained pluri-

potent state with all key pluripotency genes, including 

Nanog, Esrrb and the endogenously encoded Oct4, ex-

pressed. 

Early events toward pluripotency

The first characterized event during reprogramming of 
fibroblasts is the increase of cell cycle rate. iPS cell colo-

nies are descendents of cells that increase their division 

Figure 1 The “labyrinth to pluripotency” represents the transcriptional and morphological changes during reprogramming to 

the iPS cell state. (Center) Reprogramming starts from somatic cells induced to ectopically express Oct4, Sox2, Klf4 and c-

Myc. The green line leads via indicated cornerstones to the faithfully reprogrammed iPS cell state. Many cells do not succeed 

in reprogramming as indicated by lines ending in the labyrinth at different steps. The gray line, parallel to the green, shows 

that pre-iPS cells, a stalled reprogramming intermediate, can be converted to the iPS stage by diverse treatments.
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rates from the fibroblast cell cycle length of about 22 

hours toward that of cycling ES cells with 11-12 hours 

after a day or two of the induction of the reprogramming 

factors [74]. Already, only a minority of fibroblasts starts 
to divide faster, and the majority of Oct4-, Sox2-, Klf4- 

and c-Myc-overexpressing fibroblasts retain their slow-
dividing nature and fail to reprogram, and often undergo 

apoptosis or senescence [74]. Accordingly, it has been 

shown that suppression of apoptosis and senescence is 

helpful for successful reprogramming [76-81]. As suc-

cessful daughter cells retain the shorter cell cycle rate, 

the event must be epigenetic in nature though a molecu-

lar explanation remains elusive. Morphology changes as 

emerging rapid cycling cells get smaller over time and 

continue to grow as monolayer [74]. At 4 to 8 days later, 

some of the small cycling cells form compact colonies, 

concurrent with a mesenchymal-to-epithelial transitions 

(MET) [74, 75, 82]. ES cells and their in vivo counter-

parts, the epiblast progenitor cells of the pre-implantation 

blastocyst, are epithelial in nature, meaning they have 

close cell-cell contact, are highly proliferative with an 

extremely short G1 cell cycle phase, and have a large 

nucleus to cytoplasm ratio. However, fibroblasts, the cell 
type most often used as starting cells for reprogramming 

studies, are of mesenchymal origin and subject to contact 

inhibition. Importantly, MET is exactly the opposite of 

the epithelial-mesenchymal transitioning of pluripotent 

cells to give rise to tissues during development. 

The combined action of the reprogramming factors 

in these first reprogramming steps must therefore block 
EMT, and induce the downregulation of mesenchymal 

genes and the upregulation of metabolic, cell cycle and 

epithelial genes, respectively
 
[21, 22, 75, 82]. These 

events are exemplified by the loss of the fibroblast cell 
surface marker Thy1, downregulation of the mesenchymal 

transcription factor Snail, and upregulation of prolifera-

tion genes, followed by the appearance of the E-cadherin 

[22, 69, 75, 82]. Importantly, E-cadherin-mediated cell-

cell contacts are required for reprogramming  [82, 83], 

thus the completion of these early reprogramming events 

is necessary for iPS cell generation, but not yet sufficient, 
as not all cells proceed from here to the iPS state and 

later steps form additional barriers.

Late events towards pluripotency

In the following intermediate steps after MET, ES cell 

markers like alkaline phosphatase (AP) and the surface 

marker SSEA1 are upregulated [69, 70]. Importantly, 

again, only a subset of cells is able to transition from 

one expression state to the next. While most of the start-

ing cells downregulate the somatic marker Thy1, only 

few induce SSEA1 and of those even fewer complete 

the final pluripotency program [69]. Importantly, it ap-

pears that only Thy1-negative and SSEA1-positive cells 

have the potential to transition toward pluripotency by 

inducing the expression of Nanog, Esrrb and other key 

pluripotency genes, but until then, these late intermedi-

ate cells revert back to a fibroblast-like morphology 

and transcriptome if ectopic reprogramming factors are 

removed  [69, 75, 70]. However, after upregulating the 

complete pluripotency program, the ectopic reprogram-

ming factors are not essential anymore, in agreement 

with the notion that the reprogrammed pluripotent state 

is self-sustained and that a heritable change in cell iden-

tity has occurred. Thus, based on the reprogramming 

experiments with fibroblasts, it seems that a sequential 
and fairly synchronous order of events is initiated upon 

expression of the reprogramming factors, and the conti-

nous expression of reprogramming factors is required to 

overcome roadblocks toward pluripotency.

Epigenetic roadblocks

What are the epigenetic mechanisms that suppress 

the transition from one step to the next? While it is clear 

that the chromatin signature gets reset to an ES cell-like 

pattern during reprogramming, the identity of the major 

chromatin-modifying and chromatin-binding factors in-

volved in this process is not yet known. Blunt treatment 

with histone deacetylase inhibitors (TSA, VPA, SAHA, 

butyrate) results in an enhancement of the reprogram-

ming process, likely by raising the global levels of his-

tone acetylation, although secondary effects of acetyla-

tion levels on other proteins that, in their acetylated state, 

could enhance the efficiency of reprogramming cannot be 
excluded [84-87]. Treatment with VPA can even replace 

the function of c-Myc in reprogramming experiments 

with mouse cells and of c-Myc and Klf4 with human 

cells [84, 85]. In ES cells, Myc interacts with a histone 

acetyltransferase protein complex, the NuA4 histone 

acetyltransferase, and its target promoters have abundant 

histone acetylation levels [32]. In somatic cells, c-Myc 

is known to recruit p300 [88], another histone acetyl-

transferase; however, in ES cells, p300 does not appear 

to get recruited to c-Myc targets, rather p300 is targeted 

to enhancers with the help of Oct4-Sox2-Nanog  [29]. 

Thus, specific reprogramming factors may exert some of 
their functions by modulating histone acetylation levels 

and are required less when acetylation levels are raised 

in cells by other means. 

Higher histone acetylation levels are generally as-

sociated with elevated gene expression and more open 

chromatin structure. Accordingly, global gene expres-
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sion analysis on early reprogramming steps confirmed 

that treatment with the deacetylase inhibitor butyrate 

enhances the upregulation of genes typically expressed 

at higher levels in ES cells, but only when c-Myc is part 

of the reprogramming-inducing cocktail [86]. When bu-

tyrate is added to fibroblasts, transduced with only Oct4, 
Sox2, and Klf4, reprogramming becomes less efficient 

and gene expression changes towards the ES cell stage 

are less dramatic [86]. Furthermore, butyrate seems to be 

advantageous only in the beginning of reprogramming 

since its addition at later time points does not yield any 

detectable enhancement of the reprogramming process, 

in line with the finding that ectopic c-Myc expression is 
only enhancing (but not essential for) reprogramming 

[33, 34] and acts during the early steps [21]. Systematic 

screens are needed to find the specific acetyltransferases 
involved in the modulation of the reprogramming pro-

cess and to reveal the mechanism underlying this en-

hancement.

A few repressive chromatin modifiers have been iden-

tified as limiters of reprogramming. Treatment of cultures 
with the small molecule named BIX-01294, thought to 

target the repressive histone H3K9 methyltransferase 

G9a, or the DNA methyltransferase inhibitor Aza-C, 

enhances the reprogramming process [22, 89, 90]. The 

success with these inhibitors of transcriptional repressors 

point to overabundant repressive modifications in cells 

undergoing reprogramming, however, we do not know 

their key targets during reprogramming. Another major 

repressive chromatin regulator proteins are Polycomb 

group (PcG) proteins form versatile repressive chroma-

tin-modifying multiprotein complexes, which co-occupy 

hundreds of target genes and inhibit chromatin remodel-

ing to maintain silencing of their targets, as summarized 

in recent reviews [91]. Simultaneous loss of both of the 

major polycomb complexes, PRC1 and PRC2 abrogates 

ES cell differentiation [92]. It will be interesting to de-

termine whether overexpression of PcG proteins affects 

reprogramming as PcG proteins maintain the silencing 

of key senescence regulating genes, such as Ink4/ARF, 

whose depletion enhances reprogramming [76, 77, 79, 

81, 93, 94]. One could predict that overexpression of 

PcG proteins will lead to reduction of senescence/apop-

tosis thereby enhancing reprogramming. To this end, the 

activity of several PcG proteins is necessary for inducing 

pluripotency in differentiated cells in ES/somatic cell fu-

sion experiments [95]. Surprisingly, in this instance, lack 

of PcG proteins in the ES cell counterpart dominantly 

represses reprogramming, leading to the theory that PcGs 

are required to repress an inhibitor of the reprogramming 

process. Further studies are needed to identify the spe-

cific reprogramming events that require PcG proteins as 

well as to find the implicated downstream targets.

Partially reprogrammed cells

In addition to the iPS cell colonies, colonies with an 

ES cell-like morphology, which do not express endog-

enous pluripotency factors like Nanog or Esrrb, start 

to appear in the reprogramming culture after 4-7 days 

post induction of the reprogramming factors [96]. When 

one attempts to clonally expand these colonies, some of 

them regress or apoptose, but a few can be maintained as 

stable lines and are referred to as partially reprogrammed 

cells or “pre-iPS” cell lines, as they share some of the 

characteristics of iPS cells. So far, all pre-iPS cell lines, 

even if derived from fibroblasts or B cells, appear to be 
stalled at a similar stage, suggesting a common barrier 

for reprogramming [22]. All of these lines express high 

levels of ectopic reprogramming factors from retroviral 

vectors and this likely is needed for their stable propa-

gation [21]. Typically, the somatic transcriptome is ef-

ficiently downregulated in pre-iPS cells, but most of the 
key pluripotency genes are not upregulated [21, 22, 55]. 

Pre-iPS cells have been shown to retain fibroblast-like 

hypermethylated regions (at the DNA level), most nota-

bly the Nanog and Oct4 loci, which are typically robustly 

demethylated in iPS/ES cells [22]. Given that the gene 

expression state of pre-iPS cells has all the characteris-

tics of a late intermediate of the reprogramming process, 

we and others have argued that these cells can be used to 

gain a deeper understanding of late events in the repro-

gramming process. This is particularly important because 

pure populations of late intermediates of faithful repro-

gramming events cannot be isolated yet due to the lack 

of predictive markers. In agreement with the notion that 

pre-iPS cells are valuable tools for studying reprogram-

ming, these cells can be converted to the pluripotent iPS 

cell state by overexpressing pluripotency transcription 

factors, adding ascorbic acid, or modulating specific sig-

naling pathways [21, 22, 55, 97, 98]. Furthermore, spe-

cific transcription factors implicated in regulating diverse 
lineages in development are often ectopically induced 

during reprogramming and present in pre-iPS cells and 

reducing their levels by knockdown leads to an enhance-

ment of conversion to the fully reprogrammed state [22]. 

Interestingly, not all pre-iPS cell lines can be triggered 

to reach the faithfully reprogrammed state and various 

lines react differently to stimuli. For instance, TGF-β 
inhibition leads to Nanog upregulation and pluripotency 

induction only in a subset of pre-iPS lines and similarly, 

DNA methylation inhibitor (Aza-C) converts only a frac-

tion of lines to iPS cells [98]. Correlating the epigenetic 

state of pre-iPS cells with the ability to respond or not 
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to respond to diverse perturbations should be a powerful 

tool to identify key epigenetic mechanisms regulating the 

establishment of pluripotency.

Lack of chromatin engagement of the reprogram-

ming factors in pre-iPS cells

As mentioned above, the analysis of the epigenetic 

and transcriptional profile of pre-iPS cells can help to 

understand late steps of reprogramming. A deeper appre-

ciation of the function of the reprogramming factors has 

been gained from chromatin immunoprecipitation fol-

lowed by microarray (ChIP-on-CHIP) experiments com-

paring the binding targets of Oct4, Sox2, Klf4 and c-Myc 

in ES, iPS and pre-iPS cells [21]. This study revealed 

that c-Myc already binds many of its ES/iPS cell targets 

in pre-iPS cells, and that Oct4, Sox2 and Klf4 are prop-

erly recruited to many ES/iPS cell target genes at which 

each of them binds alone or with c-Myc [21]. However, 

Oct4, Sox2 and Klf4 are not generally recruited to pluri-

potency genes in pre-iPS cells, many of which are co-

occupied by these three transcription factors in ES/iPS 

cells [21]. These findings indicate that, in pre-iPS cells, 
the c-Myc transcriptional network appears to be already 

in a more ES cell-like state, establishing the more undif-

ferentiated cell metabolism and cell cycle state, while the 

Oct4-Sox2-Klf4-based transcriptional network, mainly 

regulating pluripotency gene expression in ES cells, is 

not established properly yet in these cells. 

Missing cofactors and repressive chromatin state as 

a barrier to reprogramming factor binding

These results of pre-iPS point to a special recruitment 

mechanism for Oct4, Sox2 and Klf4, when their co-

binding occurs in the absence of c-Myc. Perhaps specific 
partners of Oct4, Sox2 and Klf4, which are required 

for their efficient recruitment, are not yet expressed at 

the pre-iPS cell stage, or inhibitory chromatin features 

at their target genes interfere with the access of the re-

programming factors. A missing cooperative factor for 

Oct4, Sox2 and Klf4 co-binding could be the pluripo-

tency transcription factor Nanog, which is essential 

for the generation of ES cells from the blastocyst but 

not for their maintenance [57, 99]. Nanog has a large 

protein-interactome in ES cells that includes Oct4, Sall4, 

Esrrb and other well-known pluripotency regulators and 

co-binds many of the genes in ES cells with Oct4, Sox2, 

Klf4 and Essrb [27-30, 100]. Nanog overexpression en-

hances the generation of iPS cells from pre-B cells in a 

cell division rate-independent manner, indicating that 

Nanog alters cell-intrinsic parameters to enhance the re-

programming process [52]. Nanog expression is also es-

sential for reprogramming, as its deletion throughout the 

early stages does not affect the reprogramming process, 

but it does during late steps [101]. In agreement with this 

result, the Nanog protein is not present in pre-iPS cells 

and its ectopic expression enhances the transition of pre-

iPS cells to the iPS state [21, 101].

Is there a unique combination of chromatin modifica-

tions at the pluripotency gene targets of Oct4, Sox2 and 

Klf4, which could explain the lack of their binding at the 

pre-iPS cell state? Studies comparing chromatin modi-

fication patterns of pre-iPS cells to those of the starting 
cells and iPS/ES cells find fibroblast-like or intermedi-
ate chromatin-modification patterns on not properly ex-

pressed/bound genes in pre-iPS cells, but no single mark 

was revealed, which could explain the lack of binding 

[21, 22]. Like the starting fibroblasts, pre-iPS cells retain 
DNA methylation at the promoters of key pluripotency 

genes, such as Oct4, Nanog, Utf1 and Dppa5, in line with 

the lack of transcriptional activation of these genes [22]. 

As discussed above, treating specific pre-iPS cell lines 
with Aza-C or reducing the level of the maintenance 

DNA methyltransferase Dnmt1, enhances their transition 

into the iPS cell stage, potentially by erasing the repres-

sive DNA methylation mark from these key promoters 

[22, 98]. The exact mechanism remains unclear though, 

since these treatments could also affect modifications 
on a more global level rather than targeting specific 

promoters directly, and it has not been studied whether 

such treatment alters reprogramming factor binding in 

pre-iPS cells.

ChIP-on-CHIP studies of histone modifications in pre-
iPS cells focused on two N-terminal histone methylation 

marks, a modification associated with transcriptional 

activation, H3K4me3, and are associated with tran-

scriptional repression, H3K27me3, mediated by PcG 

proteins [21]. Focusing on pluripotency genes that show 

lacking of binding by Oct4, Sox2 and Klf4 in pre-iPS 

cells, it was demonstrated that a subset of these genes, 

namely those that undergo a dramatic change in expres-

sion level from fibroblasts to iPS cells, only carry the 

H3K27me3 mark in fibroblasts, while they solely carry 
H3K4me3 upon their transcriptional activation in ES/

iPS cells. In pre-iPS cells, an intermediate combination 

of these modifications was found at these genes with the 
H3K4me3 mark not efficiently elevated to the ES cell 

level and H3K27me3 not completely depleted. It is un-

clear whether this pre-iPS cell chromatin state directly 

prevents binding of Oct4, Sox2 and Klf4. A correlation 

of the genome-wide locations of reprogramming factors 

at the pre-iPS cell stage with the absence or presence of 

a wide range of chromatin marks and nucleosomal posi-
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tioning will further our understanding of how the repro-

gramming factors engage chromatin at key pluripotency 

genes. Such studies might identify interfering epigenetic 

marks associated with or even functionally responsible 

for the lack of pluripotency.

Status of the X chromosome inactivation in female 

cell reprogramming

Female mammals silence one of their two X chro-

mosomes in a process called X chromosome inactiva-

tion (XCI) during early embryonic development as a 

mechanism to equalize X-linked gene dose between the 

two sexes [102]. XCI is a random process such that either 

the maternally or the paternally inherited X chromosome 

becomes inactivated leading to female mosaicism of X-

linked gene expression. The process of silencing is initi-

ated when pluripotent cells, i.e., female ES cells or their 

in vivo equivalent are induced to differentiate. The first 
step in XCI is the upregulation of the non-coding RNA 

Xist on the future inactive X chromosome (Xi), which 

immediately leads to exclusion of RNA polymerase II 

and transcriptional silencing [103, 104]. Subsequently, 

specific and step-wise changes in chromatin structure oc-

curs leading to the accumulation of repressive chromatin 

marks, such as H3K27me3, and the exclusion of active 

chromatin marks along the entire Xi. This Xi, whether 

maternal or paternal, is then stably propagated to all so-

matic daughter cells.

XCI represents a developmental program that is ge-

netically amenable and allows single cell-resolution 

tracking of the interconversion between heterochromatin 

and euchromatin in vitro. Since XCI is one of the most 

dramatic forms of heterochromatin formation associated 

with differentiation of pluripotent cells, an interesting 

question has been whether the Xi reactivates during re-

programming to the iPS cell state. Using mouse fibro-

blasts, it was found that reactivation of the Xi occurs as 

a late step in reprogramming that roughly coincides with 

the reactivation of the endogenous Nanog and Oct4 loci 

[15, 69]. Thus, Xi reactivation during mouse reprogram-

ming appears to be tightly coupled to the gain of pluri-

potency. In support of this finding, Xist RNA and the re-

pressive H3K27me3 mark are still enriched on the Xi in 

pre-iPS cells, indicating that reactivation does not occur 

at this stage [21, 55]. It will be interesting to see if mol-

ecules involved in Xi reactivation are generally effectors 

of reprogramming to pluripotency as these processes are 

so tightly coupled developmentally, at least in mouse.

A long standing puzzling question has been why most 

human female ES cell lines carry an Xi, as opposed to 

female mouse ES cells that always have two active X 

chromosomes [105-107]. Strikingly, in stark contrast 

to mouse iPS cell lines, currently all available (FGF4-

dependent) human female iPS cells do not reactivate the 

Xi [108], and the ramifications of this Xi retention are 
proposed to affect studies of X-linked diseases [108]. 

The difference in X chromosome status between mouse 

and human iPS cell lines may relate to a difference in 

their developmental state described in the next section.

Primed versus naive pluripotency in reprogram-

ming

Mouse epiblast stem cells (EpiSCs) are derived from 

the post-implantation epiblast of day 5.5 embryos, de-

pend on the FGF4 signaling pathway, and, for female 

cells, have an Xi. In contrast, mouse ES cells are ob-

tained from epiblast progenitors of the earlier blastocyst 

(day 3.5), require LIF signaling, and female ES cells 

have two active X chromosomes. EpiSCs are able to dif-

ferentiate in vitro into the three germ layers similar to ES 

cells and therefore considered pluripotent, but opposed 

to ES cells, EpiSCs are almost unable to contribute to 

chimera. Therefore, EpiSCs are commonly referred to 

as “primed” pluripotent cells as opposed to the “naïve” 

pluripotency of mouse ES/iPS cells [109-111]. Mouse 

EpiSCs express many of the same genes as iPS/ES cells, 

including Nanog, Oct4 and Sox2, and can be induced to 

revert back to the ES cell-like naive state, when culturing 

conditions are changed, and/or transcription factors such 

as Klf4, c-Myc or Nanog are overexpressed [112-114]. It 

also has been shown that STAT3 activation, downstream 

of the LIF signaling pathway, is limiting for reprogram-

ming to naive pluripotency, and that STAT3 overexpres-

sion enhances the process [115]. Importantly, reprogram-

ming is still not very efficient from EpiSCs to the ES 

cell state, and it is not understood why [114]. As we will 

discuss later, a possible reason for this observation is that 

EpiSCs and ES cells differ in their global nuclear organi-

zation [116].

The most stringent pluripotency tests cannot be per-

formed on human ES/iPS cell lines. As a proxy, com-

parisons of mouse ES cells and EpiSCs with human ES 

cells have led to a new understanding on the nature of 

human cell pluripotency ex vivo. Some readily apparent 

differences between human and mouse ES/iPS cells are 

morphology, the aforementioned Xi status and the re-

quirement of different culturing conditions (FGF/activin 

versus LIF/STAT) for their maintenance, which place hu-

man ES/iPS cells closer to mouse EpiSCs than mouse ES 

cells [63, 109, 110].

The application of methods to human ES or iPS cell 

cultures, that convert the mouse EpiSCs back to the na-
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ive ES cell-like state [112, 114, 117], leads to the estab-

lishment of human pluripotent cells with mouse ES cell 

characteristics, including LIF dependence, morphology, 

two active X chromosomes and appropriate global gene 

expression [118]. The established naïve human pluripo-

tent state appears to be not very robust, as continued Klf4 

or Klf4/Oct4 overexpression is required for its mainte-

nance [118]. Understanding why the reprogramming fac-

tors cannot easily induce this naïve pluripotent state in 

the human cell system should reveal important epigenetic 

differences between primed and naïve pluripotency. A 

similar observation has been made in mouse reprogram-

ming experiments in which the naïve pluripotent state in 

certain genetic backgrounds is metastable [112].

Interestingly, pre-iPS cells appear to be intermediates 

between ES cells and fibroblasts, also in their cell cycle 
profile. A pre-iPS cell culture seems to have about equal 
percent of cells in G1 and S phase, and interestingly, this 

cell cycle profile is rather similar to EpiSCs, whereas the 
vast majority of fibroblast and ES cells are in G1 or S 
phase, respectively [116]. What is different in pre-iPSCs/

EpiSCs as opposed to ES/iPS cells in terms of cell cycle 

regulation and how is that related to pluripotency? Per-

haps by inducing cell cycle changes in pre-iPS cells to 

convert them to more ES-like with the extremely short 

G1 phase, we could understand how G1 cell cycle length 

is connected to pluripotency.

Resetting of DNA replication

Not only genetic information but also epigenetic in-

formation is replicated through each cell cycle and each 

genomic region is replicated at a specific time in S phase. 
Replication timing correlates positively with transcrip-

tion, and replication timing switches are coordinated with 

transcriptional changes and accompanied by sub-nuclear 

repositioning [119]. Genome-wide replication timing 

studies revealed the existence of large genomic domains 

with similar replication timing and showed that about 

20% of the genome changes its replication timing during 

differentiation of mouse ES cells into neuronal lineages 

[119]. In differentiated cells, these large replication do-

mains tend to align with static genomic features such as 

GC content. Strikingly, smaller replication domains and 

no strong relationship between replication timing and GC 

content characterize not only ES cells but also iPS cells, 

indicating that the pluripotent state is characterized by a 

unique DNA replication timing control [119].

Detailed genome-wide DNA replication studies of ES 

cells, their differentiation and EpiSCs, revealed that dif-

ferentiation is associated with global nuclear reorganiza-

tion events and replication timing changes that occur in 

a sequential manner [116]. First, shortly after induction 

of differentiation of ES cells, replication timing switches 

occur mainly from early to late in S phase, concomitant 

with the downregulation of only very few pluripotency 

genes such as Dppa2 and Zfp42, and a switch of the 

Xi in female cells from early-to-late replication [116]. 

Thus, during in vitro differentiation, before the EpiSC-

like stage is reached, a global epigenetic reorganization 

has occurred, prior to the silencing of most pluripotency 

genes, including Oct4 and Nanog [116]. The G1 cell 

cycle length also increases at this time, suggesting that 

the two events are linked and that in the in vivo equiva-

lent stage they might happen approximately in one day 

at around the implantation of the blastocyst [116]. Sub-

sequently, depending on the specific differentiation path, 
additional changes in replication timing are as follows: 

coupled to the downregulation of most pluripotency 

regulators (e.g., Nanog, Oct4) more early-to-late S phase 

changes occur and the transcriptional upregulation of 

lineage-specific regulators is accompanied by late-to-

early replication timing switches [116]. 

The analysis of replication timing in fibroblasts, pre-
iPS and iPS cells indicated that during reprogramming, 

replication timing reaches the ES cell-like pattern [116, 

119]. Even though pre-iPS cells achieve proper ES/iPS 

cell-like replication timing for the majority of their ge-

nome, they retain the somatic replication timing for a 

subset of genomic regions [116]. Strikingly, many of the 

early-to-late switching regions, which are the first to be 
changed during differentiation of ES cells, are among the 

regions that have not reached the ES/iPS cell-like repli-

cation timing state in pre-iPS cells and failed to switch 

back to early S-phase replication [116]. Thus, not only 

the upregulation of pluripotency genes occurs late in the 

reprogramming process but also their replication timing 

change, suggesting that a global reorganization is re-

quired at the end of reprogramming, which could present 

a major epigenetic barrier to reprogramming. Intriguing-

ly, this idea may explain why the transition of EpiSCs to 

ES cells is so inefficient. Figure 2 illustrates this genome 

reorganizing event and the similarity between differentia-

tion and reprogramming. 

Nuclear position of chromosomes and interactions be-

tween genomic subdomains are non-random in cells, as 

also revealed by a recent “Hi-C” study that measured the 

proximity of genomic regions in human cell lines [120]. 

The Hi-C study proposed that the genome is divided 

into two distinct compartments, an open compartment 

characterized by euchromatic features, such as histone 

3 lysine 4 (H3K4) trimethlyation, and a closed compart-

ment characterized by heterochromatic features, such as 

H3K9 methylation [120]. Importantly, DNA replication 
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correlates to 3-D genome organization even more so 

than to transcription, with early replicating regions being 

mostly in the euchromatic compartment and late replicat-

ing ones in the heterochromatic one [116, 121]. Thus, 

lack of global reorganization of DNA replication in pre-

iPS cells might reflect a not properly reorganized global 
3-D nuclear architecture, suggesting that nuclear archi-

tecture might be another barrier for reprogramming that 

is closely associated with replication timing control.

Converting a compact to an open hyperdynamic 

chromatin

ES cell chromatin is hyperdynamic, through a com-

bination of loose association of histones and chromatin 

binding proteins with DNA and rapid turnover of chro-

matin-binding proteins and histones; heterochromatin 

binding proteins such as HP1 and histones associate less 

tightly with chromatin in ES cells than in cells undergo-

ing differentiation [122]. Dynamic chromatin is essential 

Figure 2 A comparison of genome reorganization in differentiation and reprogramming in the mouse system. Top and bottom: 

main characteristics of the starting/end point cell types of the indicated processes are shown. (Left) events occurring dur-

ing differentiation of ES cells and in early mouse embryonic development are given. Note that it reads top to bottom. (Right) 

steps of factor-induced reprogramming to pluripotency, reading from bottom to top. Note that some of the steps are similar 

between the differentiation and reprogramming processes, just happening in reverse order. See main text for more details.
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for pluripotency since restricting the exchange of linker 

histones leads to differentiation arrest of embryonic stem 

cells [122]. The absence of DNA synthesis-independent 

nucleosome assembly factor, HirA, largely elevates the 

level of soluble core histones in ES cells, and leads to 

accelerated embryoid body differentiation [122]. This 

unique chromatin structure of ES cells appears to be ac-

tively maintained as the downregulation of the chromatin 

remodeler Chd1 in ES cells leads to an accumulation of 

heterochromatin and loss of pluripotency [123]. Perhaps 

not surprisingly, manipulation at this level of chromatin 

organization has effects on cellular reprogaming as Chd1 

is essential for iPS cell generation and overexpression of 

ES cell-specific components of the ATP-dependent chro-

matin remodeling complex (named ES-BAF) enhances 

reprogramming [123, 124]. 

Electron spectroscopy imaging also showed that the 

epiblast progenitor cells of the mouse blastocyst and 

mouse ES cells have highly dispersed global chromatin 

architecture, which is distinct from the more compact 

chromatin state of differentiated cells, with special-

ized silencing compartments formed [125]. In contrast, 

mouse EpiSCs, like differentiated cells, contain an area 

of heterochromatin at their nuclear periphery, thus have 

already formed specialized nuclear compartments [116]. 

Thus, not only establishing the ES cell-like hyperdynam-

ic chromatin state during reprogramming is important, 

but also destabilizing the more repressive compartmen-

talized chromatin structure of differentiated cells.

In summary, reprogramming to pluripotency goes 

through specific epigenetic events in a sequential or-

der. Some of these steps appear to be the reversion of 

processes happening in vivo during differentiation and 

typically represent barriers of the process. As discussed 

earlier, the mesenchymal-to-epithelial transition happens 

in the beginning of reprogramming, which is the reverse 

of EMT events happening around implantation [126]. 

Furthermore, completion of reprogramming requires up-

regulation of pluripotency genes and concomitant reset-

ting of their DNA replication profile and global nuclear 
and genome reorganization, which normally happens 

in early development during implantation, between the 

EpiSC and ES cell states. 

Currently, the hope is that the development of im-

proved reprogramming strategies will make the conver-

sion of differentiated into pluripotent cells faster and 

more efficient, perhaps in a more targeted manner using 
small molecule inhibitors targeting particular factors, 

rather than modulating the epigenome at a global level. 

Alternatively, a high-yield isolation of specific cell types 
may be best accomplished by forgoing the return to 

pluripotency altogether as described next. 

Shortcut to new lineages without pluripotency in-

termediates

Intriguingly, efficient conversions of somatic cell types 
into different somatic cell types without going through 

the pluripotent state have been achieved, by overexpress-

ing specific sets of lineage-specific transcription factors 
in combination with appropriate culture conditions. First 

of these lineage-switching experiments was the conver-

sion of fibroblasts to myoblasts by MyoD overexpression 
[127] and B cells to macrophages with C/EBP overex-

pression acting through Pax5 (a B cell-specific transcrip-

tion factor) inhibition [128]. By Pax5 deletion, B-cells 

dedifferentiated into progenitor-like cells, which then 

differentiated into T-lymphocytes [129]. Importantly, 

even reprogramming of adult pancreatic exocrine cells 

to insulin-producing β-cells has been achieved in vivo 

through overexpressing Ngn3, Pdx1 and Mafa [130].

More recently, direct reprogramming of fibroblasts to 
functional cardiomyocytes was accomplished, without 

any detectable intermediate progenitors, by overexpres-

sion of three transcription factors Gata4, MEf2c and 

Tbx5, which normally function in early heart develop-

ment [38]. The impressive kinetics, where cardiomyo-

cytes were detected after only 3 days with a very high 

efficiency of 20% contrasts transcription factor-induced 
reprogramming to pluripotency. Similarly, a mesodermal 

cell (fibroblast) can be converted directly into ectoder-
mal cell (neuron). Overexpression of a panel of neuronal 

master regulators (e.g., Brn2, Mytl1l, Zic1, Olig2 and 

Ascl1) leads to mitotic arrest of treated fibroblasts within 
one day and emergence of immature neuron-like cell 

morphology within three days. Subsequently functional 

neurons form, as determined by synapse formations and 

action potential measurements [39]. The functionality 

of the neurons improved in culture with time, suggest-

ing that as with reprogramming to pluripotency, time 

in culture is an essential aspect of successful cell fate 

changes. Intriguingly, this cell fate change occurs inde-

pendently of cell division, as opposed to the generation 

of iPS cells, which appears to require cell division [52]. 

A last example of note, and maybe the most surprising 

one, is the conversion of human fibroblasts to multi-

potent hematopoietic progenitors and mature cells of 

hematopoietic fate with sole overexpression of Oct4 and 

modification of culturing protocols [37]. Consistent with 

the observed bypassing of the pluripotent state to gener-

ate blood fate, gene regulatory programs, specific for the 
adult hematopoietic state were activated, distinct from 

the embryonic programs involved in the generation of 

blood cells from pluripotent stem cells. Astoundingly, 

today, in 2011, it appears that somatic cells can be made 
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to order and it should very soon become clear whether 

these cell types are of clinical quality and use. Hopefully, 

in the future, studies of the mechanism of iPS cell induc-

tion will inform studies of direct lineage conversion and 

vice versa.

Concluding remarks

The ability to generate patient-specific cell types has 
tremendous implications for disease studies and cell-

replacement approaches. While reprogramming to pluri-

potency may generate an unlimited pool of cells for such 

studies, the method of direct reprogramming from one 

to another differentiated cell type may have the advan-

tage that cells are less prone to tumorigenesis. However, 

cell types generated by lineage conversion still need to 

be tested more extensively for their functional attributes 

and have to be compared to cells generated via transition 

through the pluripotent stage. Our mechanistic under-

standing of the epigenetic processes leading to cell fate 

changes is still limited, but the breathtaking speed of new 

discoveries in the field of reprogramming will surely fill 
this gap fast and reveal the epigenetic tools that maintain 

the differentiated state and establish the pluripotent state.
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