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Abstract Somatic cell reprogramming consists of the
induction of a complex sequence of events that results in the
modification of the developmental state of the cell. It is now
routinely possible to reprogram fully differentiated cells
back to pluripotent cells, and to transdifferentiate cells of a
given type in cells of a totally different lineage origin.
However, whether there are key initiating factors that are
distinct from those that control stem-cell renewal and that
can initiate the reprogramming process remains unknown.
In contrast, what is clear is that, by modifying the epigenetic
status of a cell, its reprogramming can be initiated. Here, we
review the current literature that shows how the plasticity of
a cell can be modulated by modifying its epigenetic status,
and we discuss how epigenetic barriers can be removed, to
induce an efficient reprogramming process.
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AID Activation-induced deaminase
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Blimp1 B lymphocyte-induced maturation protein 1
BMP Bone morphogenetic protein

DNMT!1 DNA (cytosine-5)-methyltransferase 1
Hdacs Histone deacetylases

iPSCs Induced pluripotent stem cells

MEFs Mouse embryonic fibroblasts

NPCs Neural precursor cells

PcGs Polycomb-group proteins

PGCs Primordial germ cells

PRDM14 PR domain containing 14

Basic transcription versus chromatin structure:
the merging of the two fields

The functional cross-talk between basic transcription
activation and chromatin structure has remained elusive
for many years, and hence research in these two fields
remained distinct for a long time. Only about 15 years
ago, when chromatin-modifying complexes that can
remodel nucleosome structures and modify histone tails
were discovered, and shown to play key roles in gene
transcription, the two fields converged. As a result, the
histone code was recognized as an essential regulator of
the basic transcription machinery in transcriptional acti-
vation [1].

The key role of the nucleosomes in the regulation of the
basic processes of transcription initially opened up novel
ways to investigate the differentiation process, and then,
secondarily, initiated the study of the process that induces a
differentiated cell to return to a stem-cell phenotype,
namely, somatic cell reprogramming.
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Reprogramming as opposed to the Waddington theory

Another dogma that remained unchanged for many years
was cell identity, which has been considered for a long
time as a fixed, irreversible state. After fertilization, the
zygote in the pre-implantation stage converts into a two-
cell embryo, then a four-cell embryo, then a morula, and,
finally, a blastocyst. After this, the development of the
post-implantation stages follows. Cellular totipotency, i.e.
the ability of a cell to differentiate into different cell types,
is lost progressively during development, and only a few
cell types can maintain a certain degree of potency during
adult life, namely, adult stem cells and progenitor cells.
Adult stem cells and progenitors are, however, restricted in
their potency, and they differentiate towards the specific
lineages of the tissue where they are resident.

That the differentiation process is unidirectional has been
a doctrine for five or more decades. To describe this unidi-
rectionality, in 1957, Waddington introduced the epigenetic
landscape, in which the state of a totipotent cell closes down
during its development, until it reaches its final fate [2].

However, already in 1958, John Gurdon demonstrated a
change in the paradigm: by transplanting intestinal cell
nuclei into enucleated oocytes, he generated adult tadpoles
[3]. This was the first demonstration that differentiation is
indeed a reversible process, and that differentiated cells are
not in a fixed and unchangeable ‘locked’ state. Further-
more, the conversion of differentiated cells into cells of
different lineages was also demonstrated very early on in
transdifferentiation experiments, where fibroblasts were
converted into muscle cells through the ectopic expression
of MyoD [4, 5].

Although these important studies were performed some
50 or more years ago, it is only recently, within the last
10 years, that the process of reprogramming of differenti-
ated cells into pluripotent cells has become largely
accepted and well perceived. This was when cell-fusion-
mediated reprogramming experiments were carried out,
and subsequently, when induced pluripotent stem cells
(iPSCs) were generated for the first time [6, 7].

Why did somatic cell reprogramming take so long to be
recognized in the scientific community as a relevant bio-
logical process?

One possible explanation was the need to overcome the
ethical issues associated with the use of human embryonic
stem cells. Then, with the practicality offered by the use of
iPSCs generated from cells isolated from the same patient
in need of treatment, this led to the explosion of the field.
Importantly, the economic benefits also pushed for fast
development of research in this area, for the high number
of new scientific journals born in the fields of stem cells
and reprogramming, and for the high number of related
patents that have been filed in the last 6 years (Fig. 1). Of
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note, the curve in Fig. 1 starts to increase in the year 20006,
when iPSCs were generated for the first time [7], while it
reaches a plateau in the year 2012, indicating a saturation
of the inventive capabilities at that time. Novel repro-
gramming approaches will have to be devised in order to
meet current expectations.

However, despite the promising use of iPSCs in the
clinic, at present, the pressure is to understand if repro-
gramming of somatic cells can take place during normal
tissue homeostasis in vivo. Now that the proof of principle
has clearly been fulfilled, this has become the challenge
that scientists have to take on in the coming years.

‘Physiological’ reprogramming

Somatic cell reprogramming can be induced in culture via
different methods. However, ‘physiological’ reprogram-
ming occurs in the course of a few days immediately after
fertilization in developing embryos. Two important waves
of global DNA demethylation have been reported: in the
epigenome of pre-implantation mouse embryos, and when
the primordial germ cells (PGCs) undergo reprogramming
in the first days post-fertilization (Fig. 2) [8—11].

DNA methylation at the 5-position of cytosine
(5-methylcytosine; 5SmC) is one of the key epigenetic
marks that have a crucial role during development and gene
transcription [12-14]. It is known that distinct genomic
regions are differentially methylated depending on the cell
or tissue type, and on the developmental stage [8].

In pre-implantation embryos, upon DNA replication,
DNA methylation is passively removed from both the

250 1
200 1
2o
S
g5
© 150 -
o8
y— @©
0T
= o 100
)
o2
£ 3
S © 50
= £
0

2002 —
2003 —
2004 —
2005 —
2006 —
2007 —
2008 —
2009 —
2010 —
2011 —

2012 E—

Fig. 1 Patents per year from the Wipo database, using the keywords
‘somatic cell reprogramming’. The search was performed in the
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‘Physiological’ somatic cell reprogramming. Epigenetic modifications that include DNA demethylation and expression of specific

classes of genes during preimplantation development and during PGC specification

paternal and maternal genomes, from the one-cell stage to
the morula/blastocyst stage. Therefore, embryos have
lower levels of DNA methylation than zygotes [9, 15].
However, other active processes, which are independent of
DNA replication, have been suggested. DNA demethyla-
tion might be partially due to a reduction in DNMTI, a
DNA methylase, which regulates the maintenance of DNA
methylation [16, 17]. On the other hand, 7-8 h after fer-
tilization, at pronuclear stage 3, the paternal and maternal
genomes are not demethylated at the same time. The
paternal genome undergoes genome-wide DNA demeth-
ylation before DNA replication via an active mechanism
[18-21], while the maternal genome is protected from
demethylation by Stella (also known as DPPA3, develop-
mental pluripotency-associated protein 3), which is a
maternal factor that is essential for early development
(Fig. 2) [22, 23]. The Tet enzymes that oxidize SmC to
5-hydroxymethylcytosine (ShmC) have an essential role in
this process [9, 14]. Indeed, recent studies have shown that
ShmC levels increase in the paternal genome at pronuclear
stage 3, while those of 5mC decrease. This occurs inde-
pendently of DNA replication, and the ShmC remains until

the two-cell stage [23-25]. Interestingly, this effect is
dependent on maternal Tet3 [23, 24], which accounts for
the active DNA demethylation of the paternal genome
during this developmental stage (Fig. 2). Recently, it was
also reported that Tet proteins can convert ShmC to
5-formylcytosine and 5-carboxylcytosine [26-28], and
these bases have been found in embryonic stem cells [29].
Whether the formation of these new bases has any role
during physiological reprogramming still remains to be
determined. Interestingly, it has been proposed that
demethylation in pre-implantation embryos might be
important for the creation of the pluripotent genome of the
primitive ectoderm [30].

The other physiological reprogramming occurs when
PGCs form. PGCs are normally monopotent, and they
differentiate during development to finally generate eggs or
sperms. However, PGCs can be converted in culture into
pluripotent embryonic germ (EG) cells [31], suggesting
that they can be reprogrammed in vitro. During develop-
ment, PGC specification takes place in response to bone
morphogenetic protein 4 (BMP4) and Wnt3 signaling, at
E6.0 [32]. After expression of the transcription factors
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BLIMPI1 (also known as Prdml, a known zinc finger
transcriptional repressor) and PRDM14 (PR domain con-
taining 14), a cluster of about 40 alkaline-phosphatase-
positive PGCs at E7.25 is established (Fig. 2) [33-37].
These established PGCs turn off the somatic genome,
including the Hox genes, and activate expression of plu-
ripotent factors, such as Sox2. Finally, the PGCs embark
into epigenetic reprogramming, showing large dynamic
changes in their epigenetic status [38]. These events take
place from E7.5, when they start to migrate, to finally reach
the genital ridges. Interestingly, while methylation at
imprinted loci is maintained at E7.25, one X chromosome
is inactivated and transposable elements are highly meth-
ylated; finally, from E7.5 to E13.5, massive epigenome
reprogramming occurs, such as genome-wide DNA
demethylation that encompasses genic, intergenic, and
transposon elements. As a consequence, the inactive
X-chromosome is reactivated, imprinted loci are deme-
thylated, and methylation at transposons is removed [39].

The mechanisms accompanying genome-wide DNA
demethylation in PGCs remain unclear. It is possible that
demethylation is due to a passive process, even if putative
active mechanisms have been proposed. It is known that
around E7.0, expression of Dnmtl is transiently down-
regulated (even if it is re-expressed at E8.25) [40]. AID, a
DNA deaminase, which could be involved in the process of
DNA demethylation [41, 42], is also expressed in PGCs
[43], implying its possible role in PGC demethylation,
although AID-deficient mice are fertile, which is not as
would be expected [44].

In addition to DNA demethylation, the migrating PGCs
reduce heterochromatin signatures, such as the methyla-
tion of lysine 9 of histone H3 (H3K9me2), which
coincides with down-regulation of G9a, a H3K9 methyl-
transferase [45]. In contrast, the levels of trimethylation of
lysine 27 of histone 3 (H3K27me3) increase. Regulation
of H3K27me3 are mainly due to the polycomb-group
proteins (PcGs), which comprise multiprotein complexes
that are required for maintaining transcriptional silencing
of a subset of repressed genes [46, 47]. Two main
repressor complexes, polycomb repressive complexes 1
and 2 (PRCI1, 2), have been identified. These have dif-
ferent catalytic properties and core components. PRC2
consists of three core components: embryonic ectoderm
development (Eed), suppressor of Zeste 12 (Suzl2), and
the SET-domain-containing protein enhancer of Zeste
homolog 2 (Ezh2). The catalytic subunit, Ezh2 is a SET
domain-containing methyltransferase that catalyzes the
formation of the H3K27me3 marker, which forms the
docking site for recruitment of PRC1 [47]. Interestingly,
Ezh2 might be involved in the elevation of H3K27me3 in
PGCs, because it is stably expressed in PGCs at least up
to E8.25 [48].

@ Springer

Interestingly, the epigenetic markers associated with
open chromatin also fluctuate during PGC development.
Specifically, H3 lysine 9 acetylation (H3K9ac) and H3
lysine 4 methylation (H3K4me) increase in PGCs by
E10.5, and subsequently decrease by E12.5 [40]. In
agreement with this, the efficiency to establish pluripotent
EG cells from PGCs drops off after E11.5 [49], when
markers of open chromatin are not longer present in the
forming PGCs.

Reprogramming mechanisms: different approaches,
similar outcomes

At present, the process of somatic cell reprogramming is
considered the in vitro approach to generate pluripotent
cells from somatic cells. However, how much this process
resembles physiological reprogramming is not known. On
the other hand, since the Yamanaka ‘brand’ of factors
(Oct4, Klf4, Sox2, and c-Myc) was defined for the repro-
gramming of mouse and human fibroblasts [7, 50], a large
number of different approaches have been implemented.
These have included: alternative factors (reduced numbers
of the same four factors, or use of different factors)
delivered with a variety of diverse types of viral vectors
[51]; delivery of purified recombinant proteins [52]; use of
whole-cell extracts isolated from ESCs [53]; and delivery
of modified RNA molecules encoding reprogramming
factors [54]. In addition, microRNAs [55-59] and large
intergenic non-coding RNAs [60] have also been shown to
induce reprogramming of somatic cells.

A large number of different somatic cell lines derived
from the three germ layers and from different species have
now been successfully reprogrammed [61]. Recently, a
further approach has also been used, which is known as
‘direct reprogramming’ or ‘transdifferentiation’: to directly
convert one somatic cell type into another without passing
through the embryonic stage. Studies from the Graf labo-
ratory have demonstrated that the transcription factor
C/EBPu can convert nearly 100 % of primary pro-B and
pre-B cells into functional macrophages [62, 63]. Also, it
was shown more recently that, by overexpression of
three specific transcription factors, Ascll, Brn2, and
Mytll, mouse and human fibroblasts can be directly
reprogrammed into induced-neuronal cells, bypassing a
pluripotent intermediate state. Overexpression of the
same three factors induced direct lineage conversion of
hepatocytes into functional neurons [64]. Furthermore,
overexpression of Mashl, Nurrl and Lmxla induced
transdifferentiation of mouse and human fibroblasts into
dopaminergic neurons [65-73]. Similarly, exocrine cells
have been converted into beta islet cells using Pdx1, Ngn3,
and Mafa; moreover, other different sets of factors have
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been used to convert muscle precursor cells into fat cells,
and fibroblasts into cardiomyocytes or into hepatocytes
[74-78].

Efficiency of the reprogramming process: the epigenetic
barriers

Despite the numerous efforts that have been made, the
efficiency of the reprogramming process has remained
relatively low, and new ways to improve the procedure will
be of great help. This is clearly because most cells undergo
reprogramming with different efficiencies and at different
speeds. From nuclear transfer experiments, as well as from
heterokaryon and iPSC-generation experiments, it is clear
that, as more of the cells to be reprogrammed are differ-
entiated, the less efficient the process becomes. For
example, already many years ago, Gurdon demonstrated
that the transfer of the nucleus of a donor cell at the gas-
trula stage into a Xenopus egg was much more efficient for
the generation of the swimming larva than when tadpole
intestinal cell nuclei were transferred [79].

One of the important issues is to overcome the epige-
netic barriers to reprogram somatic cells to pluripotency.
A long time ago, through the measurement of the expres-
sion of a human muscle gene, decreasing reprogramming
efficiency was demonstrated when heterokaryons were
formed by fusing mouse muscle cells with human lung
fibroblasts, with human keratinocytes, and with human
hepatocytes, in this order [80].

More recently, generation of iPSCs has also demon-
strated that, although the reprogramming efficiency is
generally very low, it can be increased when the starting
cells to be reprogrammed are precursors. Mature T cells are
reprogrammed much less efficiently than thymic progenitor
cells, for example [81].

Another layer of complexity is the cell origin of the
epigenetic memory. In both nuclear transfer experiments as
well as in iPSCs, the reprogrammed nuclei maintain the
expression of some genes that were active in the cells of
origin [82-85]. Genome-wide methylome analysis of
human iPSCs as compared to ESCs showed aberrant
reprogramming of DNA methylation in large genomic
regions, as well as differences in histone modifications,
which clearly indicates that epigenetic memory can be
retained in iPSCs [86]. Interestingly, nuclear transfer was
shown to be more effective than factor-based reprogram-
ming at establishing the ground state of pluripotency and at
erasing the epigenetic memory [82].

Many factors that can open up chromatin and facilitate
chromosome decondensation have been shown to increase
reprogramming efficiency. Nucleoplasmin, which is a
histone H2A and H2B chaperone, and B4, which is an

oocyte-specific linker histone, can facilitate decondensation
of chromatin and pluripotency gene activation in nuclear
transfer experiments [87, 88]. Likewise, the remodeling and
opening of chromatin by the BAF remodeling complex
components, such as Brgl and Bafl55, has been shown
to enhance the efficiency of mouse embryonic fibroblast
(MEF) reprogramming (Fig. 3) [89].

Interestingly, the knock-down of the histone variant
macroH2A increased reprogramming efficiency of MEFs
(Fig. 3) [90]. MacroH2A is normally associated with het-
erochromatin and gene silencing [91], and reduces the
binding of the remodeling complex SWI/SNF [92].

All these findings indicate that the epigenetic state of a
cell is clearly associated with its grade of differentiation.
ESCs contain more euchromatin then heterochromatin
[93], and FRET-based techniques have shown that chro-
matin proteins, such as HPla and histone HI, are
hyperdynamic and bind chromatin in ESCs with more rapid
kinetics than in somatic cells [94]. Additionally, global
transcription in ESCs is very high, and it is considered a
hallmark of pluripotency [93]. What does all this mean? It
is possible that any event that induces major remodeling of
the chromatin structure will be sufficient to induce somatic
cell reprogramming. Indeed, precursor cells, which contain
chromatin structures that are less enriched in heterochro-
matin, are more prone to be reprogrammed than fully
differentiated cells. In principle, even with a chromatin
modification induced by an electric or a mechanical stim-
ulus, if this is effective in modifying the chromatin
structure of a cell, it might induce reprogramming and
induction of pluripotency. A clear answer to this already
strong evidence will be possible when the reprogramming
of somatic cells can be studied in single living cells, and
when the sequence of events can be dissected out. High-
resolution imaging techniques will be essential for these
types of studies and will teach us how the process occurs. It
is likely that, already in the first few hours of reprogram-
ming, nucleosomes will be largely remodeled and the
three-dimensional chromatin structure will be rearranged.

Histone tail modifications and the induction
of reprogramming

A different way to modulate reprogramming efficiency is
to directly modify the DNA methylation state and the
histone ‘tails’.

Many molecules can promote a general acetylation of
histones and enhance reprogramming efficiency, including
inhibitors of histone deacetylases (Hdacs), such as valproic
acid, trichostatin A, vitamin C, and sodium butyrate [95—
100]. Interestingly, vitamin C was recently shown to
enhance reprogramming through the modulation of the
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Epigenetic signatures of reprogramming
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Fig. 3 The epigenetic landscape of reprogrammed cells. Somatic
cell reprogramming is facilitated by cell cloning, cell fusion, and
iPSCs, via the modulation of epigenetic signatures. Nucleosome

activity of the histone demethylases Jhdmla/lb (Fig. 3)
[101].

MEFs are efficiently reprogrammed by the microRNAs
cluster miR302/367 when Hdac2 is also inhibited [55].
Interestingly, the miR302/367 cluster is exclusively
expressed at high levels in ESCs, but not in somatic cells
[102]. Wdr5, an effector of H3K4 methylation and a core
member of the mammalian Trithorax (trxG) complex, has
been shown to be essential for ESC self-renewal and the
generation of iPSCs [103] (Fig 3). Specifically, it has been
shown that Wdr5 interacts with Oct4 to increase H3K4me3
in target genes, thereby maintaining pluripotency in ESCs
or facilitating the transcriptional activation of pluripotent
genes in somatic cells that undergo reprogramming [103].
In contrast, the methylation of H3K9, a marker of tran-
scriptional silencing, inhibits reprogramming. In agreement
with this, the activity of G9a, an H3K9 methyltransferase,
restricts reprogramming, while the H3K9 demethylase
Kdm3a (JMJD1A/JHDM2A) and the H3K9me3 inhibitor
BIX-01294 can facilitate reprogramming, increasing the
efficiency of iPSC generation (Fig. 3) [104-106].
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remodeling and histone tail modifications can be induced genetically
or by the use of different drugs

Interestingly, the PcG proteins, required for maintaining
transcriptional silencing of a subset of genes, are essential
for the chromatin-remodeling events necessary for the
reprogramming of differentiated cells towards pluripotency
in cell-fusion experiments [107]. This demonstrates that
maintenance of the H3K27me3 mark is essential for
reprogramming of somatic nuclei.

Recently, in a screening where different chromatin-
modifying enzymes were silenced, it was shown that
inhibition of the H3K79 histone methyltransferase DOT1L
accelerated reprogramming, significantly increasing the
yield of iPSC colonies [108]. Loss of H3K9me3 hetero-
chromatin foci and the increase in H3Ac were also seen to
facilitate the reprogramming of neural precursor cells
(NPCs) in cell-fusion experiments and during the genera-
tion of iPSCs through the overexpression of Oct4 and Klf4
and the silencing of Tcf3. Furthermore, an increase in
genome-wide H3K4me3 was observed, while H3K27me3
remained largely unchanged [109]. Interestingly, these
epigenetic modifications occurred very early: already at
5 days post-infection of the reprogramming factors. This
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Fig. 4 Comparison between the genome-wide epigenetic fluctua-
tions that occur during development of PGCs and the process of
factor-induced or cell-fusion-induced reprogramming. Changes in

indicates that remodeling of the chromatin state is essential
to induce the reprogramming process [109].

Similar observations were made after 4-factor-induced
reprogramming during the early steps of the process.
H3K4me2 changed rapidly at many loci, while the
repressive mark H3K27me3 remained largely unchanged.
These chromatin events were seen to precede transcrip-
tional changes [110].

Atthe DNA level, it has been shown that, as well as during
PGCs determination, control of DNA methylation is also
important for somatic cell reprogramming. Specifically,
treatment with 5-aza-cytidine (AZA), a potent inhibitor of
Dnmt1, promotes reprogramming efficiency [97]. In addi-
tion, AZA has been shown to facilitate the transition to full
pluripotency of partially reprogrammed cell lines [111].

It is clear from all these reports that, in addition to
nucleosome remodeling, modifications to the histone tails
can induce changes in the transcriptional activity of dif-
ferent loci. These ultimately lead to the activation of
pluripotent genes and to the silencing of lineage genes,
thereby inducing a change in the differentiation status of
the cells and their consequent reprogramming. It still
remains to be clearly understood how histone tail modifi-
cations cross-talk with the nucleosome remodeling to
induce the recruitment of the basic transcription machinery

DNA methylation, histone modifications, and epigenetic factor
expression during PGC development (left) and somatic cell repro-
gramming (right) are shown

during the process of somatic cell reprogramming. Again,
high-resolution imaging of single cells might provide us
with clear answers. On the other hand, even by studying
populations of cells, it is clearly evident that the induction
of modifications of histone tails, which ‘open up’ the
chromatin, can be sufficient to strongly enhance the
reprogramming of somatic cells to pluripotency.

Physiological reprogramming versus in vitro somatic
cell reprogramming

PGCs can form pluripotent EG cells in culture; however,
this possibility drops off after E11.5 [49]. It is interesting to
note that the epigenetic modifications that occur during the
process of physiological reprogramming of PGC determi-
nation up to E11.5 resemble the ones that occur during the
process of factor-induced or cell-fusion-induced repro-
gramming (Fig. 4).

At the DNA level, during PGC development, there is
both intense active and passive DNA demethylation. The
active mechanism might be due to either the reduction of
Dnmtl expression or the increase in AID expression [16,
17, 43], although different methylases or demethylases
might be involved in the process.
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Interestingly, in a bona fide similar fashion, the treat-
ment of somatic cells with AZA, which inhibits Dnmt1 and
consequently demethylates DNA, increases reprogramming
efficiency in vitro [97, 111]. This is an effect that is also
observed when AID is overexpressed in cell-fusion
experiments (Fig. 4) [41].

Histone tail modification is also an important regulated
process during PGC development [38]. Indeed, H3K9me2
is reduced, while H3K27me3, H3K9ac, and H3K4me3 are
increased in embryo development. In a similar way, treat-
ment of somatic cells with BIX-01294 (which reduces
H3K9me3) or with drugs that inhibit Hdacs (such as val-
proic acid or trichostatin A) increases reprogramming
(Fig. 4) [95-100, 104, 105, 112].

Overall, modifications that induce genome-wide, open
chromatin (such as DNA demethylation or increased
acetylation of K9 in histone 3) increase somatic cell
reprogramming efficiency (Fig. 4). In contrast, the repres-
sive mark H3K27me3 is associated with the induction of
reprogramming. Indeed, reprogramming is not possible
without the expression of the PcG proteins [107]. It is
important to note that PcG proteins localize to the pro-
moters of a subset of repressed genes that encode
transcription factors that are required for specification
during late development. This suggests that the silencing of
somatic genes through PcG and H3K27me3 is essential in
the process of somatic cell reprogramming. Indeed, it has
been demonstrated that successful reprogramming of
mouse B cells requires silencing of the B cell-specific
factor Pax5 [113].

Genome-wide epigenetic modifications are essential in
the process of somatic cell reprogramming as discussed
above; however, it would be of great interest to study gene
specific epigenetic changes. In addition, the development
of PGCs, and therefore physiological reprogramming, is a
well time-defined process, with several fluctuations in
epigenetic modifications occurring at precise times during
development. It would be very interesting to investigate
whether it is possible to increase reprogramming efficiency
of somatic cells by controlling epigenetic modifications in
a sequential mode, as in PGC development (Fig. 4).

Conclusions: can cell plasticity be considered a different
chromatin state?

More and more excellent studies have indicated that epi-
genetic barriers largely influence the reprogramming
process, which, once released, facilitate the overall process.
However, it remains to be established if there is an initial
unknown factor that starts the program and induces all the
epigenetic modifications, or, alternatively, if the epigenome
modifications trigger one or more factor(s) that can silence
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the lineage genes and activate the stem genes. This is in
some way a chicken-and-egg problem, and the solution
might need to be found in what we indicate as physiological
reprogramming; i.e. in all the events that occur during the
preimplantation phase in embryos. Unknown factors, which
might well be different from the ones that maintain cell
stemness, self-renewal, and pluripotency, might be the
important and essential players in reprogramming. If so, in
the future, these can hopefully be used to improve the
efficiency of the reprogramming process in culture.

Finally, what can be considered as the reprogrammed
state of a cell? Excellent reviews have extensively sum-
marized the literature in this area [30, 39, 46, 61, 74, 114—
117]. These have classified marker genes and phenotypes
that can univocally or satisfactorily define the repro-
grammed status of a cell. A provocative definition might
also be that the reprogrammed status of a cell can be
defined as a different chromatin state of the same cell,
which results in a different phenotype and identity (Fig. 3).
The plasticity of a cell is indeed all about this: to break the
epigenetic barriers, and to change identity.
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