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Human diseases such as heart failure, diabetes, neurodegenerative disorders, and many others result from the 
deficiency or dysfunction of critical cell types. Strategies for therapeutic tissue repair or regeneration require the in 
vitro manufacture of clinically relevant quantities of defined cell types. In addition to transplantation therapy, the 
generation of otherwise inaccessible cells also permits disease modeling, toxicology testing and drug discovery in 
vitro. In this review, we discuss current strategies to manipulate the identity of abundant and accessible cells by dif-
ferentiation from an induced pluripotent state or direct conversion between differentiated states. We contrast these 
approaches with recent advances employing partial reprogramming to facilitate lineage switching, and discuss the 
mechanisms underlying the engineering of cell fate. Finally, we address the current limitations of the field and how 
the resulting cell types can be assessed to ensure the production of medically relevant populations.
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Introduction

Cell differentiation has long been thought to be a uni-
directional process. The early development of all mam-
mals involves a sequence of cell fate decisions along an 
irreversible pathway of restricted potential and increas-
ing specialization. Development begins with the totipo-
tent zygote, which has the capacity to give rise to all the 
embryonic and extraembryonic cells of the organism. 
After only a few days of development, specialized cell 
types emerge: trophectoderm and primitive endoderm 
form extraembryonic tissues supporting development, 
while epiblast constitutes the stem cells which ultimately 
give rise to hundreds of different somatic cell types and 
the germ lineage [1]. Epiblast can be coaxed to gener-
ate embryonic stem cells (ESCs) which are pluripotent, 
meaning they can give rise to cells of all three embryonic 
germ layers: ectoderm, mesoderm and endoderm, but not 
extraembryonic tissues. It was long believed that cell fate 

could only transition to progressively more differentiated 
states, with de-differentiation seen only in cases of tissue 
pathology (e.g., metaplasia or malignancy). In the past 
half-century, this view has been challenged. 

Fundamental discoveries in reprogramming cell fate

The advent of nuclear transplantation was a seminal 
moment in the goal to manipulate cell fate. In 1952, 
Briggs and King successfully transplanted intact nuclei 
from the amphibian Rana pipiens into an enucleated 
oocyte [2], in a technique later termed ‘Somatic Cell 
Nuclear Transfer’ (SCNT), or cloning, to imply perfect 
copying. Swimming tadpoles could be cloned from the 
nuclei of blastocysts, but more differentiated cells from 
gastrulation stages onwards generated aberrant tadpoles 
at best. It was thus concluded that the late gastrula nucle-
us has an ‘intrinsic restriction in potentiality for differen-
tiation’ [3]. John Gurdon challenged these findings using 
an alternative amphibian model, Xenopus laevis, and 
demonstrated that the nucleus of a tadpole intestinal cell 
could give rise to a mature, fertile animal [4, 5]. Further 
work established that nuclei from terminally differenti-
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ated cells could generate larvae, but not adults, following 
nuclear transfer (reviewed in [6]). These fundamental 
experiments demonstrated that the differentiated cell 
state is not a result of irreversible changes at the genomic 
level. In fact, the nuclei of somatic cells retain the capac-
ity to orchestrate development into a fully functional or-
ganism. 

Three decades passed before the success of cloning by 
SCNT could be recapitulated in a mammal. The arrival 
of Dolly the sheep, cloned by transfer of a mammary 
epithelial cell into an enucleated oocyte reignited interest 
in the field [7]. The first cloned mouse, ‘Cumulina’, fol-
lowed a year later by transfer of a cumulus cell nucleus 
into an enucleated oocyte, although no other cell types 
tested in that study could generate mice [8]. The efficien-
cy of successful cloning reported up to that point was 
1%-2% (reviewed in [9]), which prompted speculation 
that the differentiated cell populations used to clone the 
animals may have been contaminated with a small pro-
portion of stem cells, known to be more amenable to re-
programming [10]. To address this, nuclei were obtained 
from terminally differentiated cells that were genetically 
marked—adult B and T cells which have undergone ge-
nomic rearrangements at the immunoglobulin and T cell 
receptor loci—therefore providing proof of their matu-
rity. Mice could not be immediately generated from these 
nuclei, thus an alternate strategy was employed. Blasto-
cysts were first generated by nuclear transfer, followed 
by ESC derivation. Cloned mice were then generated by 
injecting the ESCs into tetraploid embryos, so that all tis-
sues in the resulting mice were derived from the cloned 
ESCs, and indeed, all tissues displayed immunoglobulin 
or T cell receptor rearrangements [11]. SCNT into hu-
man oocytes had been unsuccessful until recently, when 
somatic nuclei were transferred into human oocytes in 
which the nucleus was left intact. These experiments 
generated triploid blastocysts from which stable triploid 
ESC lines could be derived. While they are not normal 
diploid hESCs, the triploid lines behave like typical plu-
ripotent hESCs and thus establish that human oocytes 
can mediate reprogramming of somatic nuclei [12].

Directly switching cell fate without returning to a to-
tipotent or pluripotent state

Experiments with nuclear transplantation revealed the 
capacity for a differentiated nucleus to be reprogrammed 
to a totipotent state, from which point it can develop 
into any cell type of the adult organism. This prompted 
researchers to investigate the potential for one mature so-
matic cell type to be directly converted into another ma-
ture somatic cell of alternate fate, bypassing an interme-

diate totipotent or pluripotent state.
To explore this potential, scientists fused two cells 

from different origins into heterokaryons, a kind of cell 
hybrid in which the nuclei remain distinct [13]. Experi-
ments in which human amniocytes were fused to mouse 
muscle cells showed activation of human muscle-specific 
genes in the heterokaryons within 24 hours, demonstrat-
ing that gene expression repressed in differentiated cells 
could be reactivated [14]. Such fused cells have been 
extremely useful for our understanding of the mechanism 
of reprogramming. For example, these experiments have 
shown that nuclei of more specialized cells are generally 
more resistant to reprogramming, relative to less differ-
entiated cells [15]. The same correlation between ease of 
reprogramming and differentiation status has been noted 
in SCNT experiments [10].

The pivotal experiments described thus far demon-
strate that ooctyes and somatic cells have the powerful 
capacity to direct cell fate through trans-acting repro-
gramming factors that regulate the epigenome of the 
cell. A critical contribution to the field was made by 
efforts to isolate these specific factors. A forerunner of 
this endeavor is represented by the work of Taylor and 
Jones, who treated immortalized fibroblasts with 5-aza-
cytidine (5-Aza), an inhibitor of DNA methylation, and 
observed spontaneous differentiation into adipocytes 
and chondrocytes. This suggested that DNA methylation 
restricted gene expression of alternate lineages [16], and 
compelled Davis, Weintraub and Lassar to seek a gene 
responsible for the muscle fate switch in 5-Aza-treated 
fibroblasts. This led to the discovery that the transcrip-
tion factor, MyoD could convert fibroblasts into con-
tracting myocytes [17]. Further experiments to convert 
pigment, nerve, fat and liver cell lines produced cells that 
expressed muscle markers, but were aberrant due to their 
maintenance of starting cell type identity [18].

Transcription factor mediated reprogramming
 

The above knowledge and approaches were combined 
to explore whether reprogramming by nuclear transfer 
was mediated exclusively by trans-acting factors in the 
oocyte, or whether specific factors could reprogram cells 
in an ooplasm-independent manner. In support of the lat-
ter, fusion of ESCs with fibroblasts could reprogram the 
somatic cells to a pluripotent state, demonstrated by their 
capacity to differentiate into all three germ layers [19, 
20]. These studies paved the way for the identification 
of specific reprogramming factors, akin to the identifica-
tion of MyoD. The most successful attempt, and one of 
the most influential experiments in biology of the last 
decade, was performed by Takahashi and Yamanaka 
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who effected somatic cell reprogramming by combined 
expression of 24 ESC-specific genes in fibroblasts [21]. 
Then, through a process of elimination, they demonstrat-
ed that four transcription factors, Oct4, Sox2, Klf4 and 
c-Myc (OSKM) were sufficient to reprogram somatic 
cells to a pluripotent state, measured by the capacity of 
the cells to differentiate into all three germ layers, and 
contribute to embryonic development. The generation of 
such induced pluripotent stem cells (iPSCs) was a major 
breakthrough, demonstrating that just four factors can 
erase the epigenetic marks characteristic of a differentiat-
ed cell, and reset the cell to a pluripotent state. The field 
of induced pluripotency has since grown exponentially, 
and is a subject covered in detail by many excellent re-
views [22-24].

The monumental demonstration of somatic cell repro-
gramming has prompted a resurgence of interest in direct 
conversion, a process by which cell fate is converted 
between two mature states by specific factors, without 
reverting to pluripotency [25-29] (Figure 1). Recently, 
novel strategies are emerging which combine partial re-
programming to pluripotency with direct conversion [30]. 
For the remainder of this review, we will make a com-
parison of the current progress in these areas, potential 
underlying molecular mechanisms, and possible limita-
tions associated with each approach. 

Directed differentiation

Self-renewal and pluripotency are the hallmarks of 
ESCs and iPSCs. The capacity for pluripotent cells to dif-
ferentiate into the many cell types of the adult organism, 
coupled with their ability to be cultured and expanded in 
vitro [31-33] offers powerful new strategies for modeling 
human disease and developing personalized regenerative 
cell therapies. Derivation of iPSCs from adult cells also 
circumvents the ethical debate concerning the derivation 
of ESCs from human embryos. Harnessing this potential 
of pluripotent cells essentially relies on recapitulating de-
velopment in vitro towards the desired in vivo cell type, 
termed ‘directed differentiation’. In this regard, stem cell 
biologists have gleaned many cues from developmental 
biology.

The first step in engineering pluripotent cells towards 
the desired cell type is to guide their differentiation 
into the appropriate germ layer: ectoderm, mesoderm 
or endoderm. This is often achieved by adding specific 
embryonic morphogens or growth factors to the culture 
medium, such as Activin, Bone Morphogenetic Proteins 
(BMPs), WNTs (Int1, mammalian homologue of Dro-
sophila wingless) and Fibroblast Growth Factors (FGFs) 
[25]. Further differentiation towards the desired end 

point is achieved by additional growth factors, or small 
molecules acting on specific signaling pathways. Co-
culture systems have also been widely employed in an 
attempt to recapitulate the in vivo niche of the desired 
cell target. Numerous cell types have been produced 
through directed differentiation in normal and disease-
specific contexts, as covered in many excellent reviews 
[34-37]. To illustrate such a directed differentiation strat-
egy, two approaches are currently commonly employed 
to generate cardiomyocytes from pluripotent cells. In the 
first methodology, iPSCs are differentiated as embryoid 
bodies to promote initial differentiation into mesoderm, 
followed by treatment with a specific sequence of growth 
factors to guide the cells towards a cardiac fate [38]. 
Alternatively iPSCs can be cultured as a monolayer fol-
lowed by sequential treatment with Activin A and BMP4 
growth factors [39]. Typically though, these methods can 
be technically demanding, time consuming, and inef-
ficient, which has fuelled investigation into alternative 

Figure 1 Routes of cell fate conversion. (a) Reversion to a to-
tipotent state can be achieved by somatic cell nuclear transfer, 
whereas reversion to a pluripotent state is accomplished by 
iPS cell reprogramming, or cell fusion with ESCs. (b) Direct 
conversion of fate between two differentiated states without de-
differentiation. Examples of direct conversion include fibroblast 
to neuron, hepatocyte or cardiomyocyte lineages. (c) De-differ-
entiation to a progenitor state, as exemplified by loss of Pax5 
expression in mature B cells. (d) Transdetermination of an adult 
stem cell from its normal lineage into a closely related lineage. 
Each sphere represents a distinct stage of cell differentiation, 
with the most brightly colored spheres corresponding to mature 
cells. Directed differentiation directs cells down this natural cas-
cade of fate specification.
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strategies.
One of the major limitations of directed differentiation 

is the length of time it takes to first reprogram somatic 
cells to pluripotency and then subsequently direct them 
to the desired fate. Since these protocols constitute sev-
eral stages, the efficiency with which the final cell type 
is generated can be low. This inefficiency is compounded 
by the fact that differentiation of iPSCs can vary widely 
among lines [40]. Moreover, cells within the same line 
also possess different differentiation propensities [41, 
42]. Another major limitation is the nature of cells pro-
duced by directed differentiation: they are typically 
immature cells corresponding to embryonic stages of 
development, rather than fully mature adult cells [43-
47]. Once transplanted in vivo, directly differentiated 
cells have been reported to mature; this has been uti-
lized to advantage where pancreatic endoderm derived 
from hESCs efficiently generated glucose-responsive 
endocrine cells after a period of three months following 
transplantation into mice [48]. While this strategy may 
be appropriate for the end-goal of in vivo transplantation, 
for disease modeling and drug toxicology testing, it is es-
sential to recapitulate the in vivo target as closely as pos-
sible. Finally, challenges exist to fully purify differentiat-
ed cells from pluripotent cells which have the potential to 
form teratomas [49], although the technology is moving 
away from the use of oncogenes and viral integration in 
an effort to address this. Taken together, these limitations 
have encouraged alternate means of fate conversion to be 
pursued.

Circumventing pluripotency by direct fate conversion

The early MyoD work [17], which established that cell 
fate can be converted without reversion to a pluripotent 
state, together with Takahashi and Yamanaka’s demon-
stration [21] that fate can be reprogrammed with a com-
bination of transcription factors, suggested that abundant 
and accessible cells such as fibroblasts might be used for 
conversion to any clinically relevant cell type. A major 
rationale behind this was that directly converting be-
tween somatic cell types, especially closely related cells, 
might involve less epigenetic remodeling, be more effi-
cient, and produce mature cells [24].

Conversions in differentiated blood lineages have 
been informative with regards to the mechanism of direct 
conversion, as hematopoiesis is relatively well-defined 
[50]. In early work, ectopic expression of the erythroid-
megakaryocyte associated transcription factor, GATA1, 
was shown to induce erythroid-megakaryocyte gene 
expression in monocytes (precursors to macrophages) 
[51]. Remarkably, expression of this single transcription 

factor, GATA1, resulted in downregulation of monocytic 
markers [52, 53]. These experiments were originally 
performed in cultured cell lines, but were later shown to 
also apply to primary cells [54]. Conversely, introduction 
of the transcription factor and regulator of myeloid and 
B cell development, PU.1, into transformed multipotent 
hematopoietic progenitors repressed GATA1 expression, 
leading to the upregulation of myeloid markers [55]. 
These experiments demonstrated the lineage-instructive 
role of transcription factors and underpin the ideology 
that transcription factor-mediated cell fate conversions 
mimic physiological cell fate transitions [27]. 

These early studies formed the groundwork to attempt 
direct conversion between mature hematopoietic lineag-
es. Expression of the granulocyte/macrophage-specific 
transcription factor C/EBPα converted around 35% of 
primary mature B cells into macrophages, whereas 100% 
of less mature primary pro- and pre-B cells could be con-
verted via this route [56]. Again, expression of this single 
transcription factor resulted in down-regulation of initial 
cell gene expression and up-regulation of target macro-
phage gene expression. Functionally, these induced mac-
rophages demonstrated Fcγ receptor-dependent and -in-
dependent phagocytosis [56, 57]. Conversion efficiencies 
increased with the co-expression of C/EBPα and PU.1, 
where these factors in combination could convert more 
distant mesodermal cells, fibroblasts, but the resulting 
cells were only partially functional, and continued ex-
pression of the transgenes was required to maintain mac-
rophage fate [58]. Taken together with the MyoD work, 
these studies suggest that expression of transcription fac-
tors represents a powerful methodology to produce stable 
fate changes in somatic cells.

Clinically relevant direct conversions

Many direct conversions between somatic cells have 
been reported, some of which have the potential to re-
plenish defective or diminished cell types for therapy 
(Table 1). Examples include:

Differentiated exocrine pancreatic cells to β-cells
Pancreatic β-cells are a key target for the treatment of 

diabetes, due to their critical role in insulin storage and 
release. In a seminal paper, Zhou et al. screened expres-
sion of 1 100 transcription factors in mouse pancreatic 
tissue. 20 genes were found to be expressed in mature 
β-cells and their precursors: 9 of these genes produced 
phenotypes when mutated. Introduction of all 9 genes 
by adenovirus to the pancreas of immune-deficient mice 
resulted in an increase in the numbers of β-cells. This 
initial cocktail of genes was narrowed down to three fac-
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Table 1 Compilation of direct conversions reported to date
References

Davis et al., 1987 [17]
Feng et al., 2008 [58]
Ieda et al., 2010 [65]
Vierbuchen et al., 2010 [68]
Caiazzo et al., 2011 [76]
Son et al., 2011 [82]

Lujan et al., 2012 [77]
Huang et al., 2011 [79]

Sekiya and Suzuki, 2011 [80]
Pang et al., 2011 [73]
Yoo et al., 2011 [74]

Ambasudhan et al., 2011 [83]
Qiang et al., 2011 [78]
Pfisterer et al., 2011 [75]
Caiazzo et al., 2011 [76]
Son et al., 2011 [82]

Szabo et al., 2010 [84]
Xie et al., 2004 [56]
Cobaleda et al., 2007 [85]
Laiosa et al,. 2006 [86]
Laiosa et al,. 2006 [86]

Heinrich et al,. 2010 [87]
Berninger et al., 2007 [88]
Heinrich et al,. 2010 [87]

Marro et al., 2011 [89]
Ferber et al., 2000 [90], Kan-
eto et al., 2005 [91], 
Miyatsuka et al., 2003 [92]
Sapir et al., 2005 [93]
Yechoor et al., 2009 [63]
Kojima et al., 2003 [94]
Zhou et al., 2008 [59]

Factors

MyoD
CEBP/α/β, PU.1
Gata4, Mef2c, Tbx5
Ascl1, Brn2, Myt1l
Ascl1, Lmx1a, Nurr1
Brn2, Ascl1, Myt1l, Lhx3, Hb9, 
Isl1, Ngn2
Brn2, Sox2, Foxg1
Gata4, Hnf1α, Foxa3
P19ARF knockdown
Hnf4α, Foxa1/2/3
Ascl1, Brn2, Myt1l, NeuroD1
Ascl1, Myt1l, NeuroD2, miR-9/9, 
miR-124
Brn2, Myt1l, miR-124
Ascl1, Brn2, Myt1l, Zic1, Olig2
Ascl1, Brn2, Myt1l, Lmx1a, Foxa2
Ascl1, Lmx1a, Nurr1
Brn2, Ascl1, Myt1l, Lhx3, Hb9, 
Isl1, Ngn2
Oct4
CEBP/α/β
Pax5 knockout
CEBP/α/β
PU.1 

Ngn2
Dlx2
Ascl1, Dlx2

Ascl1, Brn2, Myt1l
See references

Ngn3, Pdx1, MafA

Target cell type

Myocytes
Macrophages
Cardiomyocytes
Glutamatergic neurons
Dopaminergic neurons
Motor Neurons

Neuronal Precursor cells
Hepatocytes

Hepatocytes
Glutamatergic neurons
Glutamatergic neurons
GABAergic neurons
Glutamatergic neurons
Neurons
Dopaminergic neurons
Dopaminergic neurons
Motor Neurons

Hematopoietic progenitors
Macrophages
T Cells
Macrophages
Dendritic cells

Glutamatergic neurons
GABAergic neurons
GABAergic neurons

Neurons
Pancreatic islet cells

β-cells

Starting cells
Mesoderm
Mouse Fibroblasts

Human Fibroblasts

Mouse B Cells

Mouse pre-T cells

Ectoderm
Mouse cortical astrocytes

Endoderm
Mouse hepatocytes
Mouse and human hepatocytes

Mouse pancreatic exocrine cells

tors: Pdx1, Ngn3, and MafA [59]. Pdx1 plays an early 
role in pancreas development [60] and a later function 
in mature β-cell glucose homeostasis [61]. Ngn3 is a 
pro-neural transcription factor that is known to regulate 
development of the pancreatic endocrine lineages [62], 

and its expression in the adult liver can convert hepatic 
progenitor cells to pancreatic islet tissue [63]. MafA is a 
transcription factor whose loss results in impaired glu-
cose-stimulated insulin secretion, although β-cell speci-
fication is not abrogated, suggesting a late-stage function 
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[64]. Transient expression of these three transcription 
factors stably converted 20% of pancreatic acinar cells 
to β-cells, but had no effect when introduced into fibro-
blasts. The absence of Sox9 and Hnf6 expression indi-
cates that cell fate was directly converted without tran-
sitioning through a progenitor state. The functionality of 
the converted cells was demonstrated using a type I dia-
betes mouse model where the in vivo direct conversion 
could alleviate insulin deficiency-induced hyperglycemia 
[59]. The success of this conversion hinged on the fact 
that it was performed in vivo as the induced β-cells could 
immediately reside in the native environment to support 
their survival and maturation.

Cardiomyocytes
Currently, the only treatment available for end-stage 

heart failure is whole-organ transplant, which is restrict-
ed by the availability of donor organs and the likelihood 
of immune rejection. With the goal of producing cells for 
replacement therapy, mouse cardiac and dermal fibro-
blasts have been converted to cardiomyocyte-like cells. 
Candidate factors were selected from a suite of genes 
expressed in cardiomyocytes and associated with clear 
developmental cardiac defects in mutants. From this ini-
tial pool, Gata4, Mef2c and Tbx5 were found to induce 
the expression of cardiac markers in fibroblasts without 
transitioning through a cardiac-progenitor state [65]. 
These transcription factors are known to form a core 
transcriptional network regulating cardiac development 
[66, 67]. Functionally, induced cardiomyocytes (iCMs) 
were electrophysiologically similar to ventricular cardio-
myocytes, and a small population could simultaneously 
contract. Global gene expression analyses indicated that 
iCMs were similar, but not identical to neonatal cardio-
myocytes [65]. This suggests that functional differences 
between cardiomyocytes and iCMs may exist, and that a 
period of maturation in vivo may be required. 

Neurons
Due to their potential therapeutic value, direct conver-

sion to neurons has been studied extensively (Table 1). 
Vierbuchen et al. successfully converted fibroblasts to 
neurons, representing a longer ‘leap’ in cell fate from 
mesoderm to ectoderm. From a pool of 18 selected can-
didate genes Ascl1 expression induced neural character-
istics in fibroblasts [68]. Ascl1 functions in mammals to 
regulate multi-potential stem cell differentiation in the 
central and peripheral nervous systems [69, 70]. Through 
systematic addition of the remaining transcription fac-
tors, Ascl1, Brn2 and Myt1l were found to directly con-
vert embryonic and postnatal fibroblasts into neurons 
[68]. Brn2 is expressed in cortical progenitors which 

give rise to glutamatergic neurons [71] and is associated 
with cortical progenitor proliferation [72], and thus may 
explain why the induced neurons exhibit a glutamatergic 
phenotype. Functionally, the induced neurons could fire 
repeated action potentials and form synapses in vitro. 
This method has now been extended to the conversion of 
human fibroblasts to neurons [73-75]. Other milestones 
include the conversion of mouse and human fibroblasts 
to dopaminergic neurons [75, 76], the conversion of 
mouse fibroblasts to tripotent neural precursors [77] and 
derivation of neurons from fibroblasts of Parkinson’s and 
Alzheimer’s disease patients [76, 78]. 

Hepatocytes
Hepatocytes are valuable in terms of transplantation 

and drug toxicology testing, but a major limitation is 
that primary hepatocytes cannot be expanded in vitro. 
Recently, two independent studies [79, 80] focused on 
a suite of transcription factors known to be involved in 
liver development and hepatocyte function [81]. From 
these gene sets, combinations were identified by screen-
ing for de novo hepatic gene expression in transduced 
fibroblasts: Hnf4α and Foxa1/2/3 [80]; Gata4, Hnf1α, 
Foxa3 and inactivation of p19Arf [79]. Although both 
groups claimed that progenitor marker expression was 
not detected in induced hepatocytes (iHeps), the result-
ing cells were immortalized and appeared to be only 
partially differentiated toward a liver fate. Functionally, 
iHeps were capable of engrafting fumarylacetoacetate 
hydrolase-deficient (Fah–/–) mice, a tyrosinemia model 
subject to liver failure in the absence of drug treatment. 
Unlike primary hepatocytes though, iHeps were unable 
to fully repopulate Fah–/– mice and liver function did not 
appear to be normal, resulting in reduced survival rates. 
Interestingly, iHeps ‘matured’ after transplantation and 
ceased to express progenitor markers such as Afp [80]. 
In both studies, cell fate was stable following removal of 
the exogenous conversion factors [79, 80].

Mechanism of transcription factor mediated direct 
conversion

From the direct conversions described so far, tran-
scription factors are predominantly responsible for driv-
ing fate change. Typically, the up-regulation of target 
gene expression is rapid, within hours to several days [65, 
68]. Fate changes are direct, avoiding transition through 
a progenitor state [59, 65], and cell identity is stable after 
removal of exogenous factors [59, 79, 80]. Finally, fate 
conversion is achieved in the absence of cell division 
[59, 68, 87], in contrast to the induction of pluripotency 
which requires cell proliferation [95]. 
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In the nucleus, the majority of DNA is packed into 
nucleosomes, occluded by higher order chromatin struc-
ture and repressors. Cell proliferation may facilitate 
reprogramming by allowing transcription factor access 
to otherwise occluded cis-regulatory regions through nu-
cleosome displacement during DNA replication [28, 96]. 
Several models have been proposed to account for the 
access of transcription factors to their relevant binding 
sites to effect genome-wide transcriptional and epigen-
etic changes in the absence of cell division. One particu-
larly favored model is the ‘pioneer’ transcription factor 
model. Pioneer factors can access their target sites in 
repressed regions of the genome where other factors can-
not [97]. This is supported by the recurrence of such pio-
neer factors in the above conversion approaches: Gata4 
[65, 79] and FoxA [75, 79, 80]. The FoxA factors for 
example can enable binding of other transcription factors 
that cannot bind in isolation [98]. This access is provided 
by local chromatin opening, nucleosome repositioning, 
and recruitment of chromatin modifiers and co-regulators 
[97]. This initiation is then followed by feed-forward in-
duction of additional transcription factors to execute the 
differentiation process [99]. 

A recent elegant study has demonstrated how, ge-
nome-wide, a high percentage of Polycomb targets are 
associated with putative enhancers in permissive states, 
proposing a mechanism for the initiation of fate conver-
sion and reprogramming [100]. In differentiated cells, 
genes can be expressed in a tissue-specific manner or re-
pressed by Polycomb-repressive complex (PRC) and the 
associated H3K27me3 mark [101]. In ESCs, PRC targets 
are usually repressed but poised for activation, possess-
ing both active (H3K4me3) and repressive (H3K27me3) 
marks [102, 103]. Taberlay et al. employed cell lines not 
normally expressing MyoD1, and found that a minimal 
MyoD1 enhancer element existed in a ‘permissive’ state 
for MYOD1 binding (nucleosome-depleted, H3K4me1-
enriched, not bound by PRC components or H3K27me3 
enriched, flanked by H2AZ-containing nucleosomes), 
even in the presence of a repressive promoter state. This 
so-called ‘multivalent’ epigenetic state at the MYOD1 lo-
cus permitted ectopic MYOD1 binding to the permissive 
enhancer within 24 hours of its expression, resulting in 
nucleosome displacement at the promoter and the emer-
gence of H3K4me3 enrichment by 48 hours. Interest-
ingly, although ths is insufficient to induce transcription 
from the MYOD1 locus, addition of conditioned medium 
from a MYOD1-expressing rhabdomyosarcoma cell line 
resulted in MYOD1 transcription, demonstrating the im-
portance of contextualizing signals. In contrast, in a cell 
line where both the enhancer and promoter were nucleo-
some bound, MYOD1 binding was not observed. This 

permissive enhancer state is common throughout the ge-
nome, suggesting one mechanism by which cells retain 
epigenetic plasticity [100]. This opens up the possibility 
of utilizing such datasets to predict the best starting cell 
populations that will respond to specific combinations of 
transcription factors. 

Direct conversion efficiencies

In reprogramming to pluripotency, the differentia-
tion status of the starting cell has been shown to influ-
ence reprogramming efficiency [24]. In agreement with 
nuclear transfer and cell fusion studies discussed earlier, 
where less differentiated cells can be reprogrammed with 
greater ease, the same also applies to transcription factor 
mediated reprogramming. Mouse-derived neural stem 
cells generate iPSCs 50-fold more efficiently than fibro-
blasts [104]. Also, differentiated cells have demonstrated 
different reprogramming efficiency properties with ke-
ratinocytes reprogramming faster than fibroblasts [105], 
and with higher efficiency [106]. 

Considering the potential differences in reprogram-
ming efficiencies depending on cell-type of origin, the 
same trend is likely to apply to direct conversion. For ex-
ample, closely related cell types, which are more similar 
epigenetically, may convert more efficiently. Evidence 
supports this notion: MyoD can convert fibroblasts into 
contracting myocytes, both mesodermal tissues, with 
25-30% efficiency [17]. In contrast, when MyoD was 
expressed in cells from different germ layers (pigment 
cells, melanocytes or hepatocytes) reprogramming was 
incomplete, producing aberrant cells at low frequencies 
[18]. The notion is also supported by the high efficiency 
conversion of mature B-cells into macrophages after 
CEBP/α overexpression (35% efficiency) [56], which 
contrasts with the incomplete conversion of fibroblasts 
to macrophages with PU.1 and CEBP/α, which cannot 
be maintained after removal of exogenous factors [58]. 
Based on current experience, the feasibility of transcrip-
tion factor-mediated direct conversion across germ layers 
seems limited, but warrants further investigation.

Epigenetic memory and evidence for incomplete 
conversion

Transcriptional remnants or residual chromatin fea-
tures characteristic of the starting cell type that persist 
after reprogramming, potentially impacting target cell 
function, represent “epigenetic memory”. Residual epi-
genetic memory was first documented in embryos cloned 
from Sox2-expressing neuroectodermal nuclei. 81% of 
these embryos aberrantly expressed Sox2 in endoderm 



Current technologies to reprogram cell identity
40

npg

  Cell Research | Vol 23 No 1 | January 2013

[107], suggesting that an epigenetic mark of transcrip-
tional activity was maintained through the reprogram-
ming process. This concept was further supported by a 
report of residual epigenetic memory of MyoD in cloned 
embryos, correlating with K4-trimethylated H3.3 re-
tention at the MyoD promoter [108]. Moreover, iPSCs 
sometimes exhibit residual epigenetic memory associated 
with the cell type of origin [109-111]. 

Residual epigenetic memory also complicates direct 
conversion; in the case of induced neural cells derived 
from hepatocytes, while most hepatic genes were down-
regulated, some hepatocyte-specific expression persisted 
[89]. Additionally, following conversion of fibroblasts to 
macrophages, some fibroblast gene expression has been 
documented to persist. Moreover, the resulting cells are 
an unstable macrophage intermediate, de-differentiating 
after removal of the exogenous factors [58]. Finally, 
direct conversion of fibroblasts to cardiomyocytes pro-
duces cells that do not fully recapitulate the profile of 
neonatal cardiomyocytes, which could be accounted for 
by an epigenetic memory of initial host cell identity [65].

The reports of persisting gene expression raise the 
possibility that the desired identity of the target cell types 
may not be fully achieved by these approaches, in terms 
of both silencing host cell gene expression and establish-
ing target cell gene regulatory networks (GRNs). Cell 
identity is determined by these genetically defined and 
epigenetically modulated GRNs, which describe the tran-
scriptional relationships among genes [112]. A major is-
sue in the analysis of the cell conversions reported so far 
is that often only a handful of cell markers are analyzed 
and the establishment of any alternative GRNs, for ex-
ample those that would arise from the reuse of transcrip-
tional programs are not assessed. This is a critical point 
as some of the pioneer transcription factors employed, 
such as Gata4 and FoxA factors can initiate different 
genetic programs throughout development [65, 75, 79, 
80], which could explain why several factors are often 
required to elicit stable fate changes. We have recently 
developed a computational platform to help address these 
issues. By reconstructing GRNs of many cell types and 
tissues, we can identify regulatory nodes at which engi-
neered cells are distinct from target cell types, thus al-
lowing for a metric of engineered cell identity. From our 
analyses of the fibroblast to hepatocyte conversion driven 
by Hnf4α and Foxa1 [80], we find that fibroblast identity 
is not silenced, and target hepatocyte gene expression is 
not fully realized, relative to primary hepatocytes. These 
findings may explain why iHeps are not functionally 
equivalent to primary hepatocytes, a critical point to ad-
dress as equivalence to in vivo hepatocytes is essential 
for in vitro drug toxicology studies.

Together, the many limitations noted suggest that the 
direct conversion strategy may not precisely recapitu-
late target cell identity, and may at best be limited to 
conversions between closely related cell types. There is 
evidence from cell-fusion studies to support this concern. 
Following fusion of myotubes and fibroblasts, some 
myogenic genes are activated more slowly, or not at all, 
in the fibroblast nuclei [113]. This form of epigenetic 
silencing is termed ‘occlusion’. Occluded genes are si-
lenced by cis-acting epigenetic modifications irrespective 
of the presence of trans-acting factors. It is worth not-
ing that in heterokaryon experiments, the dose of trans-
acting factors is much lower relative to forced transcrip-
tion factor expression. Even so, this may explain the 
residual epigenetic memory of directly converted cells, 
which appears to be more prominent, relative to iPSCs. 
Direct conversion offers benefits of higher efficiencies, 
greater speed and potential safety due to the avoidance of 
pluripotent intermediates. Regardless, a major drawback 
is the limited expansion potential of the target cells, and 
the possibility that it is very difficult to fully recapitulate 
target cell types. Thus we must continue to consider the 
induction of pluripotency as a real alternative.

Cell fusion with ESCs reactivates pluripotency [19], 
which appears dominant over differentiation [20, 114], 
and these results suggest that a return to the pluripotent 
state is unique in that it releases most genes from occlu-
sion. This is supported by evidence from the preimplanta-
tion embryo in which pluripotent cells undergo a wave of 
demethylation of the Polycomb mark H3K27me3 [115], 
an epigenetic mark associated with occlusion. Consider-
ing this, induction of pluripotency may represent a more 
powerful mechanism to erase the old epigenome and 
enable cell fate changes. Recently, interesting new strate-
gies are emerging which may exploit this mechanism, in 
combination with direct conversion, potentially offering 
the benefits of both strategies.

An emerging alternative strategy: A bypass to car-
diomyocytes

There has been consistent interest in deriving cardio-
myocytes from a more abundant source, although chal-
lenges are faced with current approaches. Directed dif-
ferentiation from iPSCs is time-consuming since somatic 
cells first have to be reprogrammed to pluripotency, and 
subsequently differentiated to cardiomyocytes. As dis-
cussed earlier, this is technically challenging and labori-
ous; the process is generally inefficient and it is difficult 
to remove pluripotent cells that could give rise to terato-
mas. There has also been a high degree of variability in 
cardiac differentiation capacities reported for individual 
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pluripotent lines [38]. Considering these limitations, Ieda 
et al. generated cardiomyocytes from fibroblasts using 
a direct conversion strategy (see earlier [65]), although 
the global transcriptional analysis of these cells demon-
strated that there are differences, compared to neonatal 
cardiomyocytes, raising the possibility that they are not 
true functional equivalents.

Recently, an alternative strategy for the conversion of 
fibroblasts to cardiomyocytes was reported [116]. In this 
study, four days of ectopic Oct4, Sox2, Klf4 and c-Myc 
(OSKM) expression in tail tip fibroblasts was employed 
as a ‘shortcut’ to mouse cardiogenesis. This bypassed 
a pluripotent intermediate while supporting a transient, 
plastic developmental state known to be established early 
in reprogramming [117]. This essentially functioned as a 
‘springboard’ for subsequent conversion to cardiomyo-
cytes under culture conditions supporting cardiac differ-
entiation. To divert cells away from a pluripotent state, 
the culture was supplemented with an inhibitor of JAK/
STAT signaling. To further argue against the acquisition 
of pluripotency which could be responsible for promot-
ing cardiogenesis under these conditions, the presence of 
LIF delayed the onset of beating and decreased the num-
ber of beating colonies. Moreover, OSKM expression 
induction is limited to only 4 days, whereas it is known 
to take at least 12 days for iPSC colonies to emerge [118, 
119]. This is also supported by the absence of Nanog 
expression during the conversion process. Interestingly, 
c-Myc was dispensable for the conversion of less ma-
ture mouse embryonic fibroblasts to cardiomyocytes, in 
agreement with the data suggesting that less differenti-
ated cells are easier to reprogram [111].

Is such a ‘primed conversion’ approach more efficient 
than conventional reprogramming methods and does it 
yield cell types that more faithfully resemble their in vivo 
counterparts? Ieda et al. directly converted fibroblasts 
into ‘cardiomyocyte-like cells’ by overexpression of the 
cardiogenic transcription factors Gata4, Mef2c, and Tbx5 
in cardiac and dermal fibroblasts [65]. The resulting cells 
expressed cardiac markers and spontaneously contracted. 
10% of fibroblasts can be converted to cardiomyocytes 
(as measured by the expression of cardiac troponin T, a 
marker of mature cardiomyocytes) compared to 40% by 
the primed conversion approach [116]. Following direct 
conversion, no markers of cardiovascular progenitors 
(such as Mesp1, Nkx2.5, Flk1 and Gata4) were reported, 
in contrast to the primed conversion approach where 
these progenitor markers were detected. It must be noted 
though, that these “primed” cells may be endowed with 
short-term self-renewal capacity prior to their differentia-
tion, thus accounting for the higher efficiency of conver-
sion. It must also be considered that the different start-

ing cell populations used in these two approaches may 
complicate direct comparison of the methods. In addition 
the cells subjected to primed conversion generate atrial 
cardiomyocytes (as shown by expression of the atrial 
form of myosin light chain isoform [116]). Ventricular 
cardiomyocytes would be more desirable as these are the 
cells in the heart that take the heavy work load. Although 
direct conversion generates cardiomyocytes with action 
potentials similar to adult ventricular cardiomyocytes, 
the transcriptional profiles are distinct, suggesting func-
tional differences exist [65]. Taking cues from directed 
differentiation, it may in the future be possible to direct 
the primed cells towards a ventricular fate. It would also 
be interesting to further explore this strategy to see if the 
engineered cells could better recapitulate in vivo popula-
tions. 

Dual roles of Oct4

The Efe et al. study suggests that a brief exposure to 
reprogramming factors converts cells from a stable dif-
ferentiated state into a transient, epigenetically unstable 
state [116]. It has been suggested that such a partially 
reprogrammed stage represented in the first stages of 
this primed conversion, or indirect conversion [30], ap-
proach parallels the in vivo dedifferentiation observed in 
the regeneration process of some lower vertebrate spe-
cies [120]. In the transition toward the pluripotent state, 
somatically acquired epigenetic marks are erased, fa-
cilitating transition to an alternate cell fate. Oct4 is pos-
sibly the most critical of the reprogramming factors in 
this respect [24]. OCT4 association with PRC targets in 
pluripotent cells is associated with gene inactivity and a 
bivalent epigenetic promoter signature, characterized by 
both H3K4me3 and H3K27me3 marks. Such a bivalent 
signature in ESCs poises developmentally critical genes 
for activation, while the genes remain transcriptionally 
inactive [103]. To investigate the consequence of ectopic 
Oct4 expression in differentiated cells, Taberlay et al. 
identified an OCT4 binding site in the MYOD1 enhancer 
(see above and Figure 2A). Upon introduction of ectopic 
Oct4 into fibroblasts, OCT4 occupancy at the enhancer 
was detected within 24 hours. By 72 hours, OCT4 bind-
ing could be detected at the MYOD1 promoter, which 
consequently reverted to a bivalent state normally as-
sociated with pluripotency [100]. Considering these 
data in the context of primed conversion, we speculate 
that reprogramming factors such as Oct4, in addition to 
modifying the host cell epigenome, poise key fate genes 
for activation. The kinetics of promoter bivalent state 
acquisition (72 hours) certainly lie within the time period 
required for OSKM action in the primed conversion to 
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cardiomyocytes (96 hours) [116]. Following subsequent 
exposure to cardiogenic growth factors rather than pluri-
potency-promoting conditions, cardiac-specific transcrip-
tional programs can be activated. While it is tempting to 
surmise that the reprogramming factors, Oct4 in particu-
lar, are simply acting to create an epigenetically permis-
sive state, more complex mechanisms may be operating.

Oct4 dictates three fate outcomes in mouse ESCs: 
1) A basal level of Oct4 corresponds with self-renewal 
and pluripotency; 2) Repression of Oct4 leads to troph-
ectoderm differentiation; and 3) Less than a two-fold 
increase in Oct4 promotes differentiation into primitive 
endoderm and mesoderm [121]. Furthermore, it has been 
demonstrated that Oct4 dosage can regulate specification 

of ESCs toward cardiogenesis, and that Oct4 expression 
in the late blastocyst is required for heart development in 
vivo [122]. In hESCs, OCT4 also acts as a dose-depen-
dent switch regulating the transition from pluripotency 
to induction of cardiogenesis, hinging on its interaction 
with the transcription factors SOX2 and SOX17. It has 
been suggested that the basal level of OCT4 in hESCs 
targets the OCT4-SOX2 enhancer, thus maintaining the 
OCT4/SOX2/NANOG loop, the core of a transcriptional 
network promoting pluripotency and self-renewal [123]. 
High OCT4 or low SOX2 levels permit OCT4 binding 
to the SOX17 promoter. This activates SOX17 expres-
sion, driving cells towards the endo/mesendodermal fate 
which functions within the ESC colony to induce cardiac 

Figure 2 Proposed model for primed conversion. (A) Introduction of Oct4, Sox2, Klf4 and c-Myc into fibroblasts initiates re-
programming.  OCT4, SOX2, KLF4 act as pioneer factors, facilitated by C-MYC [137] where OCT4 has been shown to bind 
to permissive enhancers to mediate reversion to a bivalent state at the promoter [100], poising key fate genes for activation, 
in addition to rapidly silencing the host epigenome. We speculate that this may help facilitate subsequent expression of oc-
cluded genes. (B) In these early stages of reprogramming, gene expression is stochastic [135] where reprogramming factors 
initiate a sequence of probabilistic events that lead to unpredictable and a small frequency of iPSC generation. Many key 
differentiation genes are known to be expressed in this partially reprogrammed state which may act as a platform for sub-
sequent directed differentiation into discrete cell fates. For example, under conditions promoting reversion to pluripotency, a 
small fraction of the initial cell population may enter a hierarchic phase of ordered gene expression supporting iPSC forma-
tion. Under alternate culture conditions (e.g. inclusion of cardiac growth factors), partially reprogrammed cells may enter an 
alternate hierarchic phase cumulating in differentiation toward cardiomyocytes. Blue spheres: Nucleosomes. Red strand: 
DNA. NDR: Nucleosome Depleted Region.
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fate (by secreting cardiogenic factors such as WNT3A 
and BMP2). 

Efe et al. speculate that reprogramming factors, partic-
ularly Oct4, function to erase cell identity by epigenetic 
mechanisms, and do not directly activate lineage-specific 
genes [116]. They suggest that the reprogramming fac-
tors induce a ‘developmentally more naïve, open-chro-
matin state marked by high epigeneticin instability’. This 
may certainly be true for the early stages of this primed 
conversion process, but it is possible that Oct4 levels in 
some colonies then push the cells towards cardiogenesis 
(as would be the case for ES cells), which is stimulated 
further by the culture conditions. This raises the possibil-
ity that the reprogramming process has the potential to be 
pushed in any direction. Interestingly, a reciprocal activi-
ty has been reported for Sox2, where a less than two-fold 
increase in its expression leads ESCs to predominantly 
differentiate into neuroectoderm, followed by mesoderm 
and trophectoderm, but not endoderm [124]. In a sepa-
rate study, neuroectoderm predominated following Sox2 
overexpression and culture under differentiation condi-
tions [125]. Thus the stoichiometry of these reprogram-
ming factors is clearly critical. 

Adding further support to the concept of primed 
conversion, four-factor partial reprogramming has also 
been utilized to convert fibroblasts to neural progenitors. 
These neural progenitor cells can be expanded some-
what in vitro and give rise to several neuronal subtypes 
and glial cells, although oligodendrocyte differentiation 
may be limited [126]. More recently, constitutive Sox2, 
Klf4 and c-Myc expression with restricted Oct4 expres-
sion produced induced neural stem cells possessing tri-
potentiality and seemingly unlimited expansion potential 
[127]. This approach potentially relies on the reuse of 
Sox2 and Klf4 in neural development. The reported con-
version of mouse fibroblasts to hyaline cartilaginous tis-
sue may also hinge on priming by c-Myc and Klf4 [128]. 
Furthermore, expression of OCT4 in combination with 
culture in hematopoietic cytokines (Stem Cell Factor and 
FMS-like tyrosine kinase 3 ligand) has been described to 
directly convert human fibroblasts to CD45+/CD34+ he-
matopoietic progenitor colonies possessing erythroid and 
myeloid potential [84]. The authors proposed that OCT4 
may directly interact with hematopoietic genes, based on 
its homology with OCT1/2, known lymphopoietic factors 
[129], but this seems unlikely as Oct4 is not required for 
hematopoiesis [130] and there is no evidence for ectopic 
hematopoiesis following forced Oct4 expression in adult 
mice [131]. One alternate possibility is that the formation 
of an endo/mesodermal intermediate could be promoted 
(akin to OCT4 overexpression in hESCs, above) which 
was not detected by the frequency of sampling in the 

study [84]. Another likely alternative is that Oct4 acting 
alone may destabilize the epigenome, leading to stochas-
tic hematopoietic differentiation at a low frequency. It 
may help to understand the process of reprogramming 
to pluripotency and the formation of partially repro-
grammed cells to propose a model for these fate transi-
tions.

A model for ‘primed conversion’ 

Reprogramming had previously been proposed to 
progress through three distinct phases: initiation, matu-
ration and stabilization [132]. Microarray analysis has 
shown that mouse embryonic fibroblasts immediately 
de-differentiate when exposed to reprogramming factors 
[133]. In contrast to the relatively deterministic processes 
of nuclear transfer and cell fusion [23, 134], Hanna et 
al. proposed a stochastic model for pluripotency induc-
tion where reprogramming factors initiate a sequence 
of probabilistic events that lead to an unpredictable and 
small frequency of success in iPSC generation [95]. 
Technical limitations previously restricted studies to the 
clonal population level [117]. Buganim et al. recently 
studied the reprogramming process at the single cell level 
by profiling expression of 48 genes, including ESC chro-
matin modifiers, cell cycle regulators, signal transduc-
ers and pluripotency markers. To precisely track events, 
individual cells were clonally expanded and sister cells 
profiled [135]. 

In the earliest stages of reprogramming, no obvious 
sequential order of expression of the 48 genes tested was 
identified, supporting a stochastic mechanism for this 
initial phase. Unexpectedly, Oct4 expression at this stage 
was not predictive for which cells would reach a pluripo-
tent state. Rather, expression of Esrrb, Utf1, Lin28, and 
Dppa2 appears to be a more reliable predictor for the ul-
timate acquisition of pluripotency. Surprisingly, expres-
sion of Sox2 in the later stages could predict which cells 
would eventually become fully reprogrammed, from 
which point the process becomes deterministic. Impres-
sively, the insight of this ‘hierarchical’ phase enabled re-
programming with Esrrb, Utf1, Lin28, and Dppa2 in the 
absence of the four original factors [135].

Knowledge of molecular events in reprogramming can 
help to build a model of how primed conversion may be 
feasible. The initial phase of primed conversion requires 
a short exposure of differentiated cells to reprogramming 
factors [116]. During this phase, in addition to rapid de-
differentiation [133], Oct4, for example, may act through 
binding to permissive enhancers to poise genes of alter-
nate lineages for expression [100]. This first four days 
of the process would effectively represent the stochastic 
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phase [135] rendering the cells partially reprogrammed 
[117]. At this stage, a strong upregulation of lineage-
specific genes from unrelated lineages has been reported 
[133]; Axon guidance: Epha7 and Ngef; Epidermal pro-
teins: Krt14, Krt16, Ivl and Sprr1a, and glomerular pro-
tein Podxl. This is reflective of the stem-cell independent 
roles of Sox2 and Klf4 in neural, epidermal and kidney 
development [136], and supports the notion that partially 
reprogrammed cells could be poised toward several dif-
ferentiation states, depending on reprogramming factor 
stoichiometry.

We propose that in a partially reprogrammed, or 
‘primed’ state, cell fate can be diverted toward alternate 
identities in a culture condition-dependent manner (Figure 
2). Oct4 plays a key role in this process, supported by the 
fact that Oct4 is not a reliable indicator of pluripotency 
acquisition in the stochastic stages of reprogramming. 
From this meta-stable state, under conditions promot-
ing stem cell formation, some cells enter the hierarchical 
phase towards pluripotency. Under modified conditions 
such as those used in the Efe et al. study to promote car-
diac differentiation, some cells enter an alternate hierar-
chical phase cumulating with cardiomyocyte fate [116]. 
It is very likely also that the direction of fate change is 
influenced by the stoichiometry of the reprogramming 
factors themselves. This approach has the potential to 
activate expression of previously occluded genes, and 
this will form an essential avenue of future study. By 
undertaking a single cell profiling approach, the hierar-
chical phase of fate conversion whether it be to a plu-
ripotent or fully differentiated state, could be dissected to 
understand the combinations of factors that may directly 
promote deterministic fate specification. This knowledge 
could be used to improve fate conversion efficiency and 
perhaps recapitulate the in vivo cell type more precisely. 
The process would have further potential to be tailored 
by initial selection of alternate reprogramming factors 
[24], depending on the nature of their reuse throughout 
development.

Future directions toward a blueprint of cell fate

As we have discussed in this review, there remain 
many limitations in our current attempts to engineer cell 
fate. Directed differentiation from a pluripotent state, 
while providing an abundant source of cells is time con-
suming, laborious, inefficient and potential safety con-
cerns exist. Direct conversions between adult fates may 
be faster and more efficient, but has the disadvantage of a 
lack of scalability, which would be essential to offer any 
real therapeutic benefit. Moreover, there is evidence that 
fate transitions between converted somatic cell popula-

tions are not complete, with target cell identity not fully 
achieved. Primed conversion represents a middle ground 
between these two approaches. It remains to be proven 
though that the cell types produced by primed conversion 
are closer to their in vivo counterparts, which represents 
a critical future area of study. Notwithstanding the recent 
progress and explosion of attention being paid to cell fate 
conversions in biomedical research, more discriminating 
and comprehensive analyses of the molecular identity of 
target cell populations are needed, especially if we are to 
ensure safety and functionality in transplanted cell popu-
lations. Realizing the full potential of manipulating cell 
fates for biomedical applications will depend on refining 
our methods for cellular alchemy.
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Note added in proof
In support of the proposed primed conversion model, Polo 

et al. [138] analyzed transcriptional and epigenetic changes in 
phenotypically defined iPSC intermediates. Transient changes in 
expression developmental regulators was observed, indicative of 
the primed, partially reprogrammed state. Furthermore, a primed 
conversion approach has recently been employed to convert hu-
man fibroblasts to angioblast-like progenitor cells [139].
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