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Input from various signaling pathways in conjunction with
specific transcription factors (TFs), noncoding RNAs, and epi-
genetic modifiers governs the maintenance of cellular identity.
Endogenous or exogenous TFs operate within certain boundar-
ies, which are set, in part, by the cell type-specific epigenetic
landscape. Ectopic expression of selected TFs can override the
cellular identity and induce reprogramming to alternative fates.
In this minireview, we summarize many of the classic examples
and a large number of recent studies that have taken advantage
of TF-mediated reprogramming to produce cell types of bio-
medical relevance.

For many years, it was unclear whether differentiation
involves irreversible changes to the genome that would restrict
a cell's developmental potential. Early work by Briggs and King
(1) and later Gurdon (2) addressed this subject using somatic
cell nuclear transfer (SCNT)? from various donor nuclei into
enucleated frog oocytes. Successful generation of viable organ-
isms by SCNT demonstrated that the genome of a differenti-
ated cell does retain all genetic information necessary for nor-
mal development. Later experiments were able to expand these
seminal findings to mammals (3). SCNT using donor nuclei
from genetically marked lymphoid cells (4) and olfactory recep-
tor neurons (5) demonstrated further that even terminally dif-
ferentiated and post-mitotic genomes could be reprogrammed.
More recently, human somatic cell nuclei were also shown to be
amenable to reprogramming by SCNT. However, in contrast to
other species, this could be achieved only without prior removal
of the oocyte nucleus (6).

Other cell types besides oocytes have been shown to possess
factors capable of activating silenced loci in a somatic genome.
For instance, introduction of a chicken erythrocyte nucleus into
the cytoplasm of a HeLa cell results in chromatin decondensa-
tion and initiation of RNA synthesis from the previously inac-
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tive erythrocyte genome (7). Later studies in mice and humans
demonstrated that fusion of somatic cells with embryonic stem
cells (ESCs) or embryonic germ cells reactivates pluripotency-
related genes from the somatic genome and creates pluripotent,
albeit tetraploid (4N), cells (8 —10). Although these have limited
clinical value, their genesis has provided a useful experimental
platform for studying cellular plasticity and reprogramming
(11). Moreover, the fusion experiments offered evidence that
ESCs, like oocytes, zygotes, and early blastomeres, contain fac-
tors that are sufficient to reprogram a somatic cell.

Initial evidence for the capacity of selected transcription fac-
tors (TFs) to direct cellular reprogramming came from the clas-
sic myoD experiments and subsequent lineage conversions in
the hematopoietic system (reviewed in Ref. 12). However, a
major advancement in the field occurred in 2006 with the land-
mark study by Takahashi and Yamanaka (13), who reported the
generation of induced pluripotent stem cells (iPSCs) through
ectopic expression of only four TFs.

Converting Cell States

In contrast to the limited plasticity that exists in vivo, there
are many examples of ectopic TF-mediated reprogramming in
vitro (Fig. 1). Early unrelated studies led to the discovery of the
basic helix-loop-helix (l HLH) TF myoD, whose expression in
mouse embryonic fibroblasts could induce their conversion to
myoblasts (14). MyoD appears to be a master regulator of mus-
cle-specific transcriptional programs, and its ectopic expres-
sion can induce activation of muscle-specific genes in a variety
of non-muscle cells (15, 16). Interestingly, although MyoD
could induce complete phenotypic conversion in mesodermal
cell types, ectodermal and endodermal cells responded less
effectively (16).

Valuable insights into TF-mediated reprogramming were
gained through fate conversions within the hematopoietic line-
age, where developmental hierarchies are well understood.
Common lymphoid progenitors (CLPs) can be induced to give
rise to myeloid lineage cells such as granulocytes and mono-
cytes by ectopic expression of the IL-2 receptor, which in turn
leads to expression of GM-CSF receptors and the associated
responsiveness to myeloid commitment-inducing signals (17).
Although both CLPs and pro-T-cells could undergo this form
of lineage redirection, the further downstream and lineage-
committed pre-T- and pro-B-cells could not, suggesting a pos-
sible link between differentiation state and amenability to cell
fate conversion. In another example, ectopic expression of the
zinc finger TF GATA-1, a key regulator of megakaryocyte-
erythrocyte precursor lineage commitment, was found to elicit
conversion of CLP and GM progenitors into megakaryocytes
and erythrocytes (18, 19). GATA-1 activates megakaryocyte-
erythrocyte precursor-specific genes while concomitantly
down-regulating markers of the other lineages. Alternatively,
when GATA-1 is expressed at low levels in GM progenitors, a
fate decision is forced whereby eosinophils or mast cells are
generated (20), suggesting a critical role for factor stoichiome-
try in fate determination.
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FIGURE 1. TF-mediated cell fate conversions in a variety of starting cell
types. Shown are examples of published murine cell state conversions using
modulation of TF expression. The majority utilize ectopic expression of one or
more lineage-specific TFs, whereas others apply targeted depletion of TFs.
Factors are shown next to the arrows. KD, knockdown.
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The transcription factor PU.1 (Spi-1) belongs to the Ets fam-
ily and is a key regulator of myeloid and B-lymphoid lineage
specification, functioning through interaction with other TFs
such as GATA-1/2 and CCAAT enhancer-binding protein
(C/EBP) o/B (21-23). Interestingly, lineage choice between
these two fates is determined in part by graded expression of
PU.1 (24). Through its interaction with GATA proteins, PU.1
transactivation of myeloid target genes is suppressed (25). Con-
versely, PU.1 inhibits the erythroid program by binding
GATA-1 and inducing the formation of repressive chromatin
structure at GATA-1 target loci (26, 27). Consistently, ectopic
expression of PU.1 in multipotent progenitor cell lines leads to
suppression of GATA-1 and concomitant conversion into mye-
loid cells (28). The antagonism between GATA-1 and PU.1 dic-
tates one of two fates and highlights the key role for TF inter-
actions in the process.

Another classic example involves the basic leucine zipper
transcription factor C/EBP«, which is required for the common
myeloid progenitor-to-GM progenitor transition in vivo (29).
Ectopic expression of C/EBP« in primary bone marrow cells,
lymphocytes (30, 31), or fibroblasts (32) can elicit myelomono-
cytic cell-type characteristics, a classification that includes both
macrophages and granulocyte precursors. The function of
C/EBPu« in this context is dependent on synergism with PU.1,
which is required for deposition of H3K4mel at enhancer ele-
ments of target genes, suggesting that these factors cooperate to
define cell type-specific binding patterns at regulatory elements
(33, 34).

In addition to ectopic expression, loss of fate determinants
can also induce cell fate changes. Differentiation of CLPs into
the B-cell lineage depends on the TFs PU.1, E2A, and EBF],
which induce Pax5 to activate B-cell-specific genes while
repressing genes associated with alternative lineages. In agree-
ment with this model, Pax5~/~ pro-B-cells fail to complete
B-lymphopoiesis but are capable of differentiating into other
hematopoietic cell types such as macrophages, dendritic cells,
and granulocytes in response to specific signaling cascades (35—
37).Additionally, Pax5ablationin mature B-cellsresultsin dedif-
ferentiation into an uncommitted progenitor cell population,
which can then undergo T-lymphopoiesis (38). Notably, the
order in which factors are expressed can also impact the out-
come. For example, altering the sequential expression of
C/EBPa and GATA-2 in GM progenitors can instruct commit-
ment to different hematopoietic cell types (39).

In summary, lessons from the hematopoietic system have
provided strong evidence for the ability of TFs to redirect cell
fate across related lineages derived from one germ layer or
between specialized cell types of a particular lineage. Below, we
will briefly review many of the more recent reprogramming
studies.

Using a candidate gene approach, Melton and co-workers
(40) identified three bHLH TFs, Ngn3 (or NeuroD1), Pdx1, and
MafA, whose forced expression can convert exocrine pancreas
tissue into insulin-secreting endocrine B-cells in vivo. Express-
ing only the endocrine progenitor-defining TF Ngn3 in hepatic
progenitor cells generated physiologically responsive pancre-
atic endocrine cells. In contrast, expression of Ngn3 in mature
hepatocytes induced only insulin expression (but not transdif-
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ferentiation) in islet cells (41). An additional example of repro-
gramming iz vivo comes from the inner ear, where the TFs
Atohl and Prox1, among others, were found to regulate the
development of sensory hair cells and supporting cells from a
common progenitor (42, 43). Ectopic expression of the bHLH
TF Atoh1 (also known as Math1) results in conversion of non-
sensory cochlear cells into functional sensory hair cells (44, 45).
Conversely, expression of Prox1 in sensory hair cells leads to
the repression of Gfil and Atohl, factors required for sensory
hair cell specification, resulting in cellular degeneration (43).

Recently, other groups have demonstrated direct reprogram-
ming in vitro into additional endodermal cells types. The
ectopic expression of GATA-4, Hnfla, and Foxa3 in fibroblasts,
along with inactivation of p19*™, could give rise to induced
hepatocyte-like cells (46). A separate study found that ectopic
expression of Hnf4a and one of the three foxA genes in mouse
embryonic or adult fibroblasts could also induce expression of
multiple hepatocyte-specific features, converting the fibro-
blasts to hepatocyte-like cells (47).

Employing a similar candidate gene approach as Yamanaka
and Melton, Wernig and co-workers (48) demonstrated that
expression of three factors, Ascll, Brn2 (also known as Pou3f2),
and Mytl], in mouse embryonic and postnatal fibroblasts
induced conversion to neural cells, termed induced neuronal
(iN) cells. Although the exact identity of these cells remains
unclear, iN cells can form functional synapses and are physio-
logically responsive (48). These three factors could also induce
neuronal differentiation of human ESCs, although reprogram-
ming of human fetal fibroblasts to functional iN cells required
additional coexpression of NeuroD1 (49). To definitively dem-
onstrate the neural conversion of a differentiated non-ectoder-
mal cell type, Marro et al. (50) recently reprogrammed mouse
hepatocytes into iN cells. The hepatic transcriptome was
largely repressed in the iN cells, and they retained only a limited
epigenetic signature of their starting state. These initial findings
demonstrate the ability of ectopic TFs to reprogram somatic
cells across germ layers. More recently, others have shown that
human and mouse fibroblasts can be reprogrammed to special-
ized functional neural subtypes such as dopaminergic neurons
(51, 52) and spinal motor neurons (53). Interestingly, fibro-
blasts can be induced to express neural lineage markers and
exhibit neuronal morphology solely by forced expression of
microRNAs miR-9/9* and miR-124, which repress the Baf53a
subunit of the BAF chromatin-remodeling complex (54). How-
ever, generating functional iN cells required expression of addi-
tional TFs (54, 55). Two of these recent iN studies also noted
that reprogramming occurred in the absence of continued cell
division, as the majority of reprogramming cells became post-
mitotic within 24 h of factor induction (48, 50).

Along with the ability to generate a variety of neuronal cell
types, effective production of cardiac muscle cells from ESCs or
non-cardiac somatic cells is a compelling target of translational
medicine. The first evidence of reprogramming non-cardio-
genic tissues to a cardiac fate was provided by in vivo transfec-
tion of mouse embryos with core transcriptional regulators of
cardiac development (56). More recently, Srivastava and co-
workers (57) reported the TFs GATA-4, Mef2C, and Tbx5
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FIGURE 2. Diverse somatic origin and efficiencies of iPSC generation. A
wide variety of starting cell types originating from different species and rep-
resenting all three embryonic germ layers can be reprogrammed to pluripo-
tency with variable but consistently low efficiency. H, human; M, mouse; P,
pig. Only human reprogramming efficiencies are indicated next to the arrows
(highlighted in blue).

could reprogram embryonic and adult fibroblasts directly into
induced cardiomyocytes.

The diversity of cell types generated by TF-mediated repro-
gramming demonstrates the potential utility of this approach
for therapeutic purposes. However, several key aspects of these
converted cell types need further investigation. In particular,
the stability and relative completion of functional, transcrip-
tional, and epigenetic remodeling, as well as the in vivo equiva-
lence of the generated cell types, remain unclear. A better
understanding of potential risks posed by incomplete repro-
gramming or cellular memory is an important benchmark for
the translational application of induced cell types.

Reprogramming Somatic Cells to Pluripotency

Perhaps the most striking example of factor-induced changes
in cell state remains the reprogramming of somatic cells into
pluripotent embryonic stem-like cells, termed iPSCs. The sem-
inal work by Takahashi and Yamanaka (13) demonstrated that
ectopic expression of Oct4, Sox2, KlIf4, and c-Myc (OSKM) in
embryonic and adult fibroblasts could convert these cells to
iPSCs. Subsequently, numerous laboratories have improved the
original protocol and generated iPSCs from a variety of species
and cell types (58), highlighting the robustness and general con-
servation of the approach (Fig. 2).

Forced expression of OSKM initiates dramatic phenotypic
(59) and molecular (60-63) changes in the targeted somatic
cell. Transcriptional and epigenetic changes eventually lead to
the reactivation of endogenous pluripotency genes and acqui-
sition of molecular and, in some cases, functional pluripotency.
Commonly used markers of reprogramming include alkaline
phosphatase and SSEA1 (stage-specific embryonic antigen-1)

VOLUME 287 +NUMBER 37+-SEPTEMBER 7, 2012



(62, 64). Although these markers appear earlier in the process,
they are not indicative of complete reprogramming and are of
relatively low stringency (65). Retroactive tracing of individual
reprogramming fibroblasts has demonstrated that within the
set of cells that undergo complete reprogramming, the initial
response to reprogramming factor induction is characterized
by a marked decrease in cell size and increased proliferation
rate (59). The early response to the four TFs is marked by the
transcriptional reversion from the somatic state, as evidenced
by the down-regulation of the fibroblast-specific genes Snail/2,
Zeb1/2,and Cdh2 and the surface marker Thyl (60, 63, 64). The
loss of a mesenchymal phenotype coincides with the emerging
expression of epithelium-associated markers such as E-cad-
herin and EpCAM, known as the mesenchymal-to-epithelial
(MET) transition (63, 66). The importance of MET during
reprogramming is highlighted by acceleration of reprogram-
ming using bone morphogenetic protein ligand stimulation or
expression of microRNAs from the miR-200 family (63), which
have been implicated in MET (67). Notably, KIf4, the main
driver of this transition, synergizes with Oct4 and Sox2 to direct
reprogramming, and its absence can be replaced by stimulation
with bone morphogenetic protein (68).

Establishment of the iPSC state in mice requires continuous
expression of the OSKM transgenes for 8 —10 days (64), leading
to the eventual activation of endogenous pluripotency genes
such as Oct4, Sox2, and Nanog after ~2 weeks. The final pro-
gression of reprogramming occurs only in a small percentage of
SSEA1-positive cells (62). The mechanism whereby the endog-
enous stem cell network is transcriptionally reactivated in the
final transition to pluripotency remains poorly understood.

Although c-Myc is routinely included in the reprogramming
factor mixture, and expression of this gene enhances the effi-
ciency of somatic cell reprogramming, it is not a core member
of the ESC pluripotency network. The network controlled by
c-Myc is largely separate from the core ESC pluripotency net-
work and primarily includes targets involved in metabolic, cell
cycle, and proliferative processes (69 —71). In ESCs, c-Myc tar-
get gene promoters are highly enriched for the active histone
modification H3K4me3 and depleted of the repressive modifi-
cation H3K27me3; this is a striking pattern that is not exhibited
to the same extent by targets of the core pluripotency factors
(69). The core factors reside at targets enriched for both acti-
vating and repressive histone modifications, reflecting their
role in maintaining ESC identity by activating ESC-specific
genes while repressing expression of lineage-specific transcrip-
tional regulators (72). Conversely, c-Myc targets are more
expansive in function, encompassing genes not unique to the
pluripotent state (61, 69). The recent discovery that c-Myc
plays a role in regulating pause release of polymerase II tran-
scriptional elongation is in agreement with many of the early
phenotypic and molecular responses to reprogramming factor
induction (73). Notably, the latter suggests that c-Myc may not
be directly involved in reactivating the pluripotency network
but rather act more broadly to drive robust transcription of
paused genes during the early stages of reprogramming.
Genome-wide localization studies of pluripotency factors,
along with affinity-based identification of their interacting
partners, have revealed an interconnection between TFs (74,
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TABLE 1
Genome-wide localization studies of TFs and chromatin remodelers

Factor Function mES/hES  Reference

p300 Histone acetyltransferase mES 96
Suzl2 PRC2 core component mES, hES 96, 97
Eed PRC2 core component mES, hES 97, 98
Rnf2 PRCI1 component mES 97
E Phcl PRCI core component mES 97
‘E Brgl esBAF component (SWI/SNF chromatin remodeling complex) mES 99, 102
;6 Tetl Catalyzes conversion of 5mC to ShmC mES 111
2 Ezh2 PRC2 subunit mES, hES 100
:5; Ring1B/Bmil  PRCI subunit mES, hES 100
S Jarid2 PRC2 component mES 101
Mtf2 PRC2 component mES 101
Bafl55 esBAF component (SWI/SNF chromatin remodeling complex) mES 102
Wdrs Set/MLL histone methyltransferase mES 79
Rbbp5 Set/MLL histone methyltransferase mES 79
Kdm5B H3K4me3 demethylase mES 103
Oct4 Core ES cell circuitry; reprogramming factor hES 104
Sox2 Core ES cell circuitry; reprogramming factor hES 104
Nanog Core ES cell circuitry hES 104
Kif4 LIF signaling; Nanog regulation mES 74
c-Myc Cell proli cell cycle lati mES 74
Dax1 Oct4 inhibition mES 74
Rexl i‘?fgz:::fi r}l)athway inhibition; primitive endoderm mES 74
Zfp281 GATAG repression; cell proliferation; differentiation mES 74
Nacl GATAG repression mES 74
2 STAT3 BMP signaling to core pluripotency circuitry mES 70
‘5 Smadl LIF signaling to core pluripotency circuitry mES 70
k:' Esrrb Steroid hormone receptor; self-renewal mES 70
:‘g_ Zfx Self-renewal mES 70
5, n-Myc Cell proli ion; bolism; cell cycle regulati mES 70
E Tcfep211 [uncharacterized]; upregulated in ES cells mES 70
E2f1 Cell-cycle progression mES 70
(CICE Transcriptional insulation mES 70
Sall4 Regulation pluripotency; early embryonic development mES 105
Cnot3 Zfx/c-Myc cofactor; cell cycle regulation mES 106
Trim28 Zfx/c-Myc cofactor; cell cycle regulation mES 106
Ronin Metabolic/biosynthetic regulation mES 107
Tef3 Connects Wnt signaling to core pluripotency factors mES 108
Prdm14 Germ cell lineage development hES 109
Smad2/3/4 TGF-B/Activin/Nodal signaling hES 110
FoxH1 SMAD cofactor; activing signaling transducer hES 110

75), chromatin-remodeling, and modifying complexes (Table
1). Although it is well established that ESC chromatin is pre-
dominantly euchromatic (76, 77) and possess characteristic
bivalent enrichment of both active and repressive histone mod-
ifications at developmental genes (78), functional links between
specific epigenetic modifiers and members of the ESC core
transcriptional network have only recently come to light. Wdr5,
a member of the mammalian Trithorax complex and an effec-
tor of activating H3K4 methylation, is an interacting partner of
Oct4 (79). This provides a framework for conceptualizing how
transcriptional regulators of pluripotency may cooperate with
chromatin-associated factors to regulate the balance between
self-renewal and differentiation.

Early Dynamics in TF-induced Reprogramming

Genome-wide chromatin mapping studies of selected epige-
netic marks in populations of induced fibroblasts have provided
many useful insights into early reprogramming dynamics (80).
One of the earliest cellular responses to ectopic factor expres-
sion is de novo deposition or enhanced enrichment of euchro-
matin-associated H3K4me2 at a large number of promoters.
Many of the target genes include developmental regulators and
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pluripotency genes (80). Importantly, these changes appear to
precede transcriptional activation, which, in the case of the plu-
ripotency-associated genes, will not occur until the late stages
of reprogramming. Many of these dynamics can be observed in
the absence of cell division. The fact that these regions are
enriched for both targets of Oct4 and Sox2 suggests that one of
the early steps in somatic cell reprogramming involves global
coordinated epigenetic “priming.” The notable enrichment for
H3K4 methylation at Oct4 target sites accords well with the
aforementioned study by Ang et al. (79) connecting Oct4,
Wdr5, and histone methylation of Oct4 targets. Importantly,
the reestablishment and erasure of repressive marks such as
H3K27me3 occur at a notably slower rate (80).

Interestingly, the majority of expression changes that are
detectable during the first few cell divisions occur almost solely
within regions of H3K4me3-enriched accessible chromatin
environments (60, 80). This suggests that the action of the
reprogramming factors is restricted, at least initially, to tran-
scriptionally permissive genomic loci. Moreover, at these early
stages, up-regulated (but not down-regulated) genes are
strongly enriched for targets of c-Myc. Unlike Oct4 and Sox2,
c-Myc is already endogenously expressed in somatic fibroblasts
(13) and primarily regulates targets involved in cellular metab-
olism and proliferation. The observed transcriptional response
to increased ectopic c-Myc is consistent with its proposed role
in stabilizing transcriptional elongation, thereby enabling pro-
ductive transcription at many shared (somatic and pluripotent)
target genes (73). Consistent with these data and in accordance
with a distinct binding pattern for c-Myc in ESCs (69), Plath and
co-workers (61) showed that the most dramatic early changes
in fibroblast gene levels were largely attributable to c-Myc
expression.

Subsequent to the first few cell divisions, molecular events
leading to up-regulation of endogenous pluripotency genes and
transition to the iPSC state remain hard to define due to popu-
lation heterogeneity. Treatment of reprogramming cells with
chromatin-modifying agents can positively affect efficiency.
For instance, the Dnmt inhibitor 5-azacytidine (5-AZA), which
decreases overall DNA methylation levels and promotes chro-
matin decondensation, can improve overall efficiency and facil-
itate the transition of partially reprogrammed cells to pluripo-
tency (60). Similarly, inhibitors of histone deacetylases and
methyltransferases can elicit a similar improvement (81), as can
members of ATP-dependent chromatin-remodeling com-
plexes. In a recent screen for ESC factors able to facilitate the
reprogramming process, Scholer and co-workers (82) identi-
fied components of the BAF chromatin-remodeling complex
that act in part by facilitating Oct4 binding to target loci during
reprogramming, perhaps by improving TF access to target
DNA.

Full transition to pluripotency can also be mediated by kinase
inhibition in partially reprogrammed cells that lack the expres-
sion of true pluripotency markers. Treatment of these cells with
inhibitors of GSK38 and MEK (dual inhibition) induces the
up-regulation of endogenous Nanog and Oct4 and demethyl-
ates the Nanog promoter to ESC-comparable levels, eventually
leading to stable pluripotency (83). It is worth noting that
although both 5-AZA treatment and dual inhibition culture can
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enhance reprogramming, their effects may be attributable in
part to the selection against somatic or non-pluripotent inter-
mediates. Both the toxicity of 5-AZA and the lethality of kinase
inhibition for any mitogen-dependent cells could cause an
apparent increase in efficiency. The acquisition of an ESC-like
proliferative state, which is uniquely resistant to the growth
inhibitory effects of these small molecules, may provide a selec-
tive advantage to successfully reprogramming cells compared
with those that retain somatic cell cycle characteristics.

Some iPSCs Are Equivalent to ESCs

The functional and molecular equivalence of ESCs and iPSCs
has been a key question since the initial report of iPSC deriva-
tion (13). Developmental potential can be determined with low
stringency by in vitro differentiation and teratoma formation
and with higher stringency in non-human species by chimera
formation, germ-line contribution (84), or the production of
entirely iPSC/ESC-derived animals by tetraploid complemen-
tation (85, 86). Multiple molecular screening strategies have
been employed to compare ESC and iPSC lines quantitatively,
including profiling transcriptional and epigenetic signatures on
a genome scale. At the morphological, molecular, and func-
tional levels, ESCs and iPSCs show a high degree of similarity
(87), although the complete equivalence of these cell types
remains controversial. Numerous studies have described
molecular differences between iPSCs and ESCs (88 -90). We
have recently used three genomic assays to profile 20 human
ESC and 12 iPSC lines and generated a reference map of DNA
methylation, gene expression, and in vitro differentiation
potential for the tested lines (91). Surprisingly, much of the
variation observed within iPSC lines could be explained by the
general variation between the different pluripotent lines tested,
including the ESC lines. These findings accord with functional
studies in the mouse, which have established that some (but not
all) iPSC lines are both functionally and molecularly equivalent
to ESCs (86, 89, 92).

Experimentally determined variations in gene expression
levels and epigenetic profiles have yet to provide a molecular
signature specific to iPSCs that can consistently discriminate
between the various pluripotent populations (91, 93). Establish-
ing the criteria for such a signature has proven challenging,
given that variability exists among individual ESC and iPSC
lines. To avoid confounding effects of differences in genetic
background, a recent study derived and compared the molecu-
lar and functional characteristics of genetically matched mouse
ESCs and iPSCs. The findings suggest that the expression pat-
terns of ESCs and iPSCs are remarkably similar, with the excep-
tion of a few genes of the imprinted DI/ki1-Dio3 locus, which
appeared to be aberrantly silenced in the majority of iPSC
clones examined (89). A more recent study has shown this dis-
parity to be greatly affected by the stoichiometry of the TFs
(OSKM), suggesting the inactivation of this locus may be linked
to the specific strategy or conditions in which the cells are gen-
erated and is not necessarily inherent to reprogramming (94).
An additional caveat to the generality of the observations sum-
marized here is the relatively small number of ESC and iPSC
lines that are used in many studies (Table 2). In humans,
another concern is the limited number of ESC lines, such as H1
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TABLE 2
Summary of recent studies comparing molecular characteristics of various human ESC and iPSC lines
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Marchetto, M.C. et al. (2009) 2/2 | early embryonic development genes, aberrently upregulate a set of FPSC-spccic genes
silent in ESCs and somatic cells of origin
Wilson, K.D. etal. (2009) |l 1/1 Expression miR-371/372/373 cluster higher in ESCs; miR-886-5p higher in iPSCs
iPS lines of diverse somatic origin retain residual somatic gene exrression which
Ghosh, Z. et al. (2010) O 6/4 | distignushes them from ESCs; some reprogrammed somatic cells recapitulate
ESC-like expression more closely than others
Guenther, M.G. et al. (2010) B 6/6 | Detected no consistent expression signature distinguishing iPSCs/ESCs
Hawkins, R.D. et al (2010) 1/1 ?;ltt)rtllgte;itSOCl/l:&?gengl:’f‘;c&:'lc(;:lcsee in H3K27me3-marked repressive chromatin
Loewer, S. et al. (2010) . 211 10 lincRNA genes exhibit elevated expression in iPSCs relative to ESCs
_— Provided evidence the reprogramming process can rapidly select for iPSC-specific
Meayshiag, Yz ecal: 2010) . 110 chromosomal abnormalities not detected in parental fibroblasts or in ESCs
Neveu, P. et al. (2010) ] 6/16 | Detected no consistent miRNA expression signature distinguishing iPSCs/ESCs
SZYT;SI(I)\)M & Cooper, J.B. 23 /68 | ESC/iPSC lines exhibit laboratory of origin-specific expression signatures
Most ESC/iPSC lines exhibit subtle differences with comparison to an ESC reference
Bock, C. et al. (2011) 20/ 12 | while some lines are highly similar; most iPSC variability falls within the spectrum of
ESC variability
Hussein, S.M. et al. (2011 17 /22 | Early-passage iPSCs exhibit increased levels of copy number variations (CNVs) and
RS okal ) . genetic mosaicism compared to ESCs ; iPSC CNV levels decrease over passaging
AlliPSC samples tested exhibit moderate numbers of genetic deletions and duplications,
Laurent, L.C. etal. (2011) B %°/37| whereas a large number of duplications were found in only a few ESC samples
. Distribution of genomic aberrations across iPSC samples relatively even; skewed in
Lister, R. et al. (2011) - 2/5 ESCs due to small ESC subset exhibiting large numbers of gene duplications
Gene expression of B cell-derived iPSCs globally similar to ESCs and other iPSCs;
Bar-Nur, O. et al. (2011) [ | [ | 3 /11 | B-iPSCs retain epigenetic signatures of somatic origin at -cell genes distinguishing
them from other iPSCs

B Notable ESC /iPSC differences detected
Global similarity; subtle ESC / iPSC differences detected

I No iPSC-specific signatures detected

and H9, which have been used as references or controls in many
studies. For instance, a recent study reported aberrant hypo-
methylation of promoter regions in iPSC lines compared with
the H1 and H9 ESC lines (95). However, comparison with a
panel of 32 pluripotent cell lines (91) demonstrated that
hypomethylation of the reported regions is a general character-
istic of both ESCs and iPSCs, with the exception of a few cell
lines, including the H1 and H9 ESC lines used as controls in the
original report. This suggests that rather than aberrant hypom-
ethylation in the iPSCs, these loci exhibit possibly aberrant
hypermethylation in the control ESC lines.

Conclusion

Coordinated activity of TFs and epigenetic modifiers, acting
downstream or in concert with signaling molecules, establishes
and maintains stable cellular identities by driving cell type-spe-
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cific gene expression programs. Epigenetic modifications affect
the ability of the transcriptional machinery to access the chro-
matin template, thereby influencing gene expression patterns
that ultimately determine cellular identity. Although cellular
differentiation appears to be largely unidirectional during
development and fixed in adult organisms, elegant experiments
over the recent decades have demonstrated the remarkable
plasticity by which differentiated cells can be redirected to
alternative fates. Cell state can be considered the phenotypic
output of regulatory networks, which are in turn influenced by
and reflected in cell-specific epigenetic landscapes. By manipu-
lating transcriptional programs, it should be theoretically possible
to reprogram a cell’s identity to any desired alternative state.
Many important questions remain open in the field of cell
fate conversion experiments. It is still unknown how ectopic
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factors access their binding sites in a foreign chromatin context
and how their function is influenced by the starting cell’s
molecular ensemble. A mechanistic description for the rele-
vance of epigenetic or transcriptional similarities between
starting and intended cell types in cell fate reprogramming is
also lacking. For example, the higher efficiency of conversion
between closely related cell types may be partly attributable to
higher transcriptional similarity and thus availability of essen-
tial cofactors between the starting and intended cell types. In
addition to the transcriptional repertoire, however, a more
closely related epigenetic landscape may also enable more effi-
cient conversions. Ultimately, the knowledge gained from
experimental manipulation of cell fates will have far-reaching
implications not only for the basic understanding of the molec-
ular mechanisms behind cellular identity but also for the even-
tual application to personalized regenerative medicine.
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