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Abstract
Somatic cell nuclear transfer and iPS are both
forms of radical cell reprogramming able to transform a
fully differentiated cell type into a totipotent or
pluripotent cell. Both processes, however, are hampered
by low efficiency and, in the case of iPS, the application
to livestock species is uncertain.
Epigenetic manipulation has recently emerged
as an efficient and robust alternative method for cell
reprogramming. It is based upon the use of small
molecules that are able to modify the levels of DNA
methylation with 5-azacitidyne as one of the most
widely used. Among a number of advantages, it
includes the fact that it can be applied to domestic
species including pig, dog and cat.
Treated
cells
undergo
a
widespread
demethylation which is followed by a renewed
methylation pattern induced by specific chemical
stimuli that lead to the desired phenotype. A detailed
study of the mechanisms of epigenetic manipulation
revealed that cell plasticity is achieved through the
combined action of a reduced DNA methyl transferase
activity with an active demethylation driven by the TET
protein family. Surprisingly the same combination of
molecular processes leads to the transformation of
fibroblasts into iPS and regulate the epigenetic changes
that take place during early development and, hence,
during reprogramming following SCNT.
Finally, it has recently emerged that mechanic
stimuli in the form of a 3D cell rearrangement can
significantly enhance the efficiency of epigenetic
reprogramming as well as of maintenance of
pluripotency. Interestingly these mechanic stimuli act
on the same mechanisms both in epigenetic cell
conversion with 5-Aza-CR and in iPS.
We suggest that the balanced combination of
epigenetic erasing, 3D cell rearrangement and chemical
induction can go a long way to obtain ad hoc cell types
that can fully exploit the current exiting development
brought by gene editing and animal cloning in livestock
production.
Keywords: cell reprogramming, epigenetic erasing,
mechanosensing.
Introduction
After many decades of heated debate, the birth
of Dolly proved, beyond any doubt, that each cell of our
organism retains all the information originally present in
the zygote. Somatic cell nuclear transfer is indeed the
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ultimate form of cell conversion since it enables the
birth of a new individual from a single differentiated
cell. Consequently, this also implies that differentiation
does not permanently silence any of this information
and that, providing the right stimuli, such information
can be restored and become functional again.
A slightly less dramatic form of somatic cell
reprogramming is achieved through the transfection of
four master genes to obtain what are universally known
as induced pluripotent stem (iPS) cells. In this case
instead of a whole individual it is possible to generate
several of its parts. As indicated by their name, iPS cells
can potentially generate each of the approximately 200
cell types that constitute a human or an animal body.
These properties are not exclusive of iPS but were first
described in embryonic stem cells (ESC) that are
derived from pre-implantation embryos. In both cases,
cells are characterised by a stable pluripotency which is
not found in any cell neither in the embryo nor in any
other phase of life. It can rather be considered a cell
culture artefact that captures a physiological stage
naturally transient in early development.
As we summarised in a previous paper
(Gandolfi et al., 2012), the ability to transform such
transient stage into a permanent property is limited to a
very small number of species (mostly mice and primates
including humans) while it has proved very elusive in
livestock species. The reason for such difference is still
unclear. One hypothesis linked the problematic
derivation of bona fide ESC in domestic species to the
prolonged pre-implantation period typical of domestic
animals. However, this looks unlikely because also the
derivation of bona fide iPS cells has proved to be
elusive in these species.
Since stable pluripotency does not exist in
nature, living organisms utilise different mechanisms
for the day to day replacement of worn or damaged
cells. Differentiation is physiologically associated with
cell proliferation and, on the contrary, fully differentiated
cells lose their ability to proliferate. For this reason,
maintaining tissue homeostasis is the functional task of
the so-called somatic stem cells. These small groups of
dedicated cells reside in well-defined niches which
modulate their proliferative capacity in response to the
functional requirements of the organism. Stem cells
proliferate into intermediate, partially differentiated
populations that cease to replicate once they become fully
matured and ready to perform their specific function
(Gandolfi and Brevini, 2018).
In some circumstances we know that such
process can be reverted, and a fully differentiated cell
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may resume its proliferative ability and give rise to a
different cell type in response to specific stimuli
(Brevini and Gandolfi, 2013).
Understanding what stimulates and regulates
the transformation of a differentiated cell into a different
type of cell is a fascinating topic of study and being able
to harness this process has a wide range of medical and
commercial applications.
Aim of this short review is to provide the
reader with an overall perspective of the most recent
concepts about the relationships that exist between stem
cells, cell conversion and cloning in livestock.
Pluripotency in vivo and in vitro
In the early phases of mammalian embryonic
development, three germ layers, the endoderm,
mesoderm and ectoderm are formed; each one gives rise
to a different set of tissue types and contributes to
specific organs. Stem cells are classified according to
their potency that can span from unipotency when only
a single cell type can be generated, to multipotency,
when a stem cell can originate to all or many cells of a
single germ layer.
When a stem cell can differentiate into cells
that arise from all three germ layers, is defined as
pluripotent. In nature, pluripotency is limited to the
epiblast, a transient tissue that exists only for a brief
stage period of embryonic development, before giving
origin to the three germ layers. Therefore, the epiblast is
not a kind of stem cell because it lacks the property of
asymmetric division and stable pluripotent cells are not
a physiological component of the body but are created
only in vitro (Smith, 2001).
In vitro, it has been possible to transform
pluripotency from a transient state into a permanent
property of stable cell lines. These can be derived
directly from early embryos generating the embryonic
stem cells (ESC) or can be obtained through the
transfection of 4 transcription factors into somatic cells,
generating the induced pluripotent stem cells (iPS).
Both kind of pluripotent stem cells can be readily
derived in mouse and human but it has proved much
more challenging if not outright impossible, to derive
pluripotent cells in livestock species, as detailed in some
recent reviews (Brevini et al., 2010; Koh and Piedrahita,
2014; Kumar et al., 2015; Soto and Ross, 2016).
Pluripotent cell lines in these species are defined as ESlike since they show several major deficiencies, ranging
from a short life in culture to the lack of controlled
pluripotency or of the ability to form chimeras (Talbot
and Blomberg le, 2008). Despite the extensive research
activity, it is still unclear why it is not possible to derive
truly pluripotent ESC or iPS from these species.
Since ESC originate from the epiblast the
question arises if the lack of domestic animals ESC is
due to the lack of appropriate culture conditions or the
epiblast from these species is inherently different so that
“suspending” it’s properties in vitro may not be
possible.
The process of epiblast formation in mouse is
known in great detail (Rossant and Tam, 2009). During
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the first embryonic divisions, all blastomeres are
totipotent and all express the transcription factor
Octamer Binding Protein 4 (OCT4). The first
differentiation process consists in the generation of
trophectoderm (TE) and inner cell mass (ICM) cells
from their unique totipotent blastomere precursors. This
is marked by the restriction of OCT4 expression to ICM
cells, which is caused by its repression by caudal type
homeobox 2 (CDX2). The result is that TE cells express
CDX2 and ICM cells express OCT4. ICM cells will
then undergo a further differentiation leading to the
formation of the hypoblast, that will lose OCT4
expression, and of the epiblast that will retain it.
Mouse epiblast differentiation and restriction
of Oct4 expression to this tissue is completed by E3.5.
By E5.5 mouse embryos are embedded into the uterine
wall. Human embryos go through the same changes but
at a slower pace with OCT4 restriction to the epiblast
completed by E6 and implantation taking place at E7-9
(Rossant, 2015).
When we examined the distribution of OCT4
in bovine embryos we soon realized that it is not as
tightly restricted to ICM as described in mouse and
human embryos but it was ubiquitously expressed also
in expanded blastocysts (Van Eijk et al., 1999). When
observations were extended to later stage embryos it
was determined that OCT4 restriction to the epiblast is
completed only by E11 in bovine (Berg et al., 2011) and
E8-9 in pig (Hall et al., 2009) embryos.
Based on this different timing, attempts have
been performed using day 10-12,5 elongated pig
blastocysts, using the knowledge that late, or so-called
“primed”, epiblast responds better to FGF2 than to LIF
(Alberio et al., 2010). Indeed, results were encouraging
with cell lines showing a robust self-renewal and the
ability to differentiate into precursor cells derived from
all three germ layers as well as into trophectoderm and
germ cell precursors. However it is possible to obtain
similar results with day 6 blastocysts using both LIF and
FGF2 (Brevini et al., 2010).
At present, culture conditions are still far from
being elucidated. Telugu et al. (2011) derived LIFdependent, so-called naive, pluripotent stem cells from
the ICM of porcine blastocysts by up-regulating
expression of KLF4 and POU5F1 with lentivirus vector.
Haraguchi et al., (2012) generated porcine ES-like cells
from the ICM of porcine embryos by using inhibitors,
CH99021 and PD184352. Recent results showed that
the combination of bFGF, EGF, Activin-a, ITS, and KO
Serum is also effective to promote attachment,
outgrowth and expansion of porcine ICMs and generate
ESC-like cells (Hou et al., 2016).
Given the possibility that the specific
morphological and functional characteristic of domestic
ungulate pre-implantation embryos may have a
profound influence on the possibility to derive ESC
lines, it was interesting to see whether the forced
induction of pluripotency achieved with the iPS
technology made it possible to obtain ungulates bona
fide pluripotent stem cells bypassing the embryo as a
starting material.
Indeed iPS have been obtained in wide range
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domestic ungulates, but in some instances, expression of
the exogenous pluripotency genes was not down
regulated or was artificially maintained (Gandolfi et al.,
2012). In the first case, this made it difficult to induce
teratoma formation. In the latter, the absence of
expression induced a rapid differentiation in pig
(Esteban et al., 2009; Wu et al., 2009), sheep (Li et al.,
2011) and cow (Sumer et al., 2011) cell lines. More
importantly, the ability of livestock iPSCs to generate
chimeras was very low and even lower was their ability
to contribute to the germ line (West et al., 2011). The
results are consistent with the fact that most of these cell
lines show the characteristics of the primed type.
The recent developments of new media were
able to convert pig primed cell lines into the naïve type
and to confer higher clonal properties to primed lines
renewing our hopes that further developments may be
achieved in livestock species able to generate a chimera
in the near future (Ma et al., 2018).
At present, however, available data suggest that
true LIF-dependent naïve/ESC equivalent to those of
mouse cannot be obtained in ungulates, possibly due to
some inherent characteristic of their epiblast.
Whether or not in the future will be worthwhile
to pursue this line of research in domestic or in other
species is open to debate. A large body of evidence
shows that the differentiation of pluripotent stem cells,
both embryonic or induced, is difficult to control and it
is dangerously similar to neoplastic transformation. On
the contrary new approaches have been developed that
enable the study of the differentiation process and, at the
same time, look much safer for clinical applications, as
described in the next section.
Epigenetic cell conversion
Following on from the pioneering work of
Taylor and Jones (1979), many groups have reported
that it is possible to use small molecules and epigenetic
modifiers in order to directly convert an adult cell into
an alternative differentiated cell type (Brevini et al.,
2014; Chandrakanthan et al., 2016; Manzoni et al.,
2016; Pennarossa et al., 2013). Several protocols using
epigenetic modifiers have been developed that can push
cells to a transient ‘less committed state’, increasing cell
plasticity for a short time, sufficient to redirect them
towards a different cell type (Brevini et al., 2014;
Chandrakanthan et al., 2016; Harris et al., 2011;
Mirakhori et al., 2015; Pennarossa et al., 2014, 2013).
The general concept of these experiments is that DNA
methylation plays a fundamental role during cell
differentiation during early embryonic development and
cell lineage specification. For this reason, 5-azacytidine
(5-aza-CR), a well-characterised DNA methyltransferase
inhibitor, has often been used to remove the epigenetic
‘blocks’ that are responsible for tissue specification
(Brevini et al., 2014; Chandrakanthan et al., 2016;
Pennarossa et al., 2013). Because of its powerful effects,
5-aza-CR induces global DNA hypomethylation
(Christman, 2002) and gene reactivation (Jones, 1985)
facilitating somatic cells switching from one phenotype
to another (Glover et al., 1986; Harris et al., 2011;
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Taylor and Jones, 1979). A brief exposure to 5-aza-CR
can convert adult skin fibroblasts and granulosa cells
into different cell types (Brevini et al., 2016, 2014;
Pennarossa et al., 2017, 2014, 2013). Such fate switch is
not limited to cells belonging to the same embryonic
layer but can also occur between cells belonging to
different embryonic layers.
After a 18 h-exposure to 5-aza-CR, cells
acquire a ‘highly permissive state’ with significant
changes in their phenotype and gene expression pattern
accompanied by a decrease in global DNA methylation.
Most surprisingly following exposure to this
demethylating agent, cells acquire the morphological
features distinctive of ESCs, iPSCs and pluripotent cells
described by Tamada et al. (2006). These include
reduced dimensions with large nuclei, global chromatin
decondensation, as well as expression of pluripotencyrelated genes such as OCT4, NANOG, ZFP42 zinc
finger protein (REX1) and SRY (sex determining region
Y)-box 2 (SOX2). This was achieved not only with
human and mouse but also with pig and dog fibroblasts
(Brevini et al., 2016, 2014; Pennarossa et al., 2017,
2014, 2013) and the high efficiency and robustness of
the process makes it the best option for working in
domestic species (Gandolfi and Brevini, 2018).
The mechanisms at work during epigenetic
reprogramming are very similar to, or even the same,
that regulate early embryonic development and the
transformation of a somatic cell into an iPS (Fig.1).
Pluripotent cells, either ESC or iPS, show a global
cytosine demethylation (Leitch et al., 2013) which is
crucial for maintaining the naive state and antagonising
the self-activating differentiation signal, resetting the
epigenome and re-establishing the pluripotency network
(Grabole et al., 2013). In addition, downregulation of
DNA methyl transferase enzymes (DNMT) is correlated
with boosting symmetry in cell division (Jasnos et al.,
2013), further supporting the idea that demethylation
plays a major role in promoting self-renewal and
maintaining cells in their most naive state. In agreement
with these observations, cell fate restriction and
subsequent differentiation is accompanied by a
progressive build-up of DNA methylation. Indeed, it has
been demonstrated that lineage specification is
supported by dynamic epigenetic changes and genomewide redistribution of DNA methylation that silence
pluripotency genes and establish a phenotype-specific
methylation pattern (Berdasco and Esteller, 2011; Oda
et al., 2013). During cell fate commitment, pluripotency
genes such as octamer-binding transcription factor 4
(Oct4) and Nanog undergo silencing and de novo DNA
methylation in their promoter and enhancer regions.
This hypermethylated state is then maintained in
differentiated somatic cells (Epsztejn-Litman et al.,
2008; Li et al., 2007).
As described above, cell phenotype can be
reversed by transferring a somatic cell nucleus into an
enucleated oocyte and, similarly, somatic cells
transfected with specific reprogramming factors are
converted into iPSCs. On the other hand, the identity of
a differentiated cell is guaranteed by a unique
methylation profile that maintains its lineage definition
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and prevents free transition among different cell types.
Therefore, methylation must be removed in order to
allow a switch in phenotype. For example,
demethylation of pluripotency genes is a hallmark of
somatic cell reprogramming into a pluripotent state
(Gurdon and Melton, 2008; Takahashi and Yamanaka,
2006). Recently, studies have shown that experimental
reprogramming requires active demethylation by the
TET (ten-eleven-translocation) family of enzymes,
which recently were identified to catalyse the
conversion of cytosine-5 methylation to 5hydroxymethyl-cytosine,
an
intermediate
form
potentially involved in demethylation (Mohr et al.,
2011), leading to activation of epigenetically silenced
pluripotency genes. In
agreement with these
observations, it has been reported that oocyte TET
enzymes exhibited reprogramming activity for
pluripotency gene reactivation during early embryonic
development, after nuclear transfer and natural
fertilisation (Gu et al., 2011). Together, these findings
point to the possibility that TET enzymes play a key

role in cell reprogramming as well as in mesenchymal
to epithelial transition (MET) that characterise iPS
formation. This hypothesis finds further support in
experiments performed in mouse embryonic fibroblasts
(MEFs), in which TET genes were inactivated, resulting
in cell failure to undergo MET and a complete block of
their reprogramming potential (Hu et al., 2014). These
observations indicate that TET enzymes are
indispensable for factor-driven reprogramming of
somatic cells to iPSCs. Interestingly, the same authors
showed that TET-deficient MEFs failed to reactivate
microRNAs, such as miR-200 s, miR-200a and miR200b, which play a critical role in MET and are
upregulated in cells undergoing reprogramming. Indeed,
Hu et al., (2014) showed that the expression of the miR200 family diminished in TET-deficient MEFs, and this
was accompanied by the reprogramming block.
However, ectopic expression of miR-200s was able to
restore the MET process and rescue up to 80% of the
reprogramming efficiency of wild-type fibroblasts (Hu
et al., 2014).

Figure 1. Inhibition of DNA methyl transferase (DNMT) enzymes combined with the activation of ten eleven
translocation (TET) enzymes are at work in pluripotent and highly plastic cells. This indicates that cell plasticity is
achieved and maintained through a common mechanism.
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DNA methylation has also been shown to
promote the adequate and proper regulation of gene
expression, ensuring both temporal activation and
spatial restriction, allowing cells to acquire distinct
differentiation traits, stabilising the terminal cell
phenotype and maintaining the established patterns by
copying them onto daughter DNA strands during cell
replication and division (Oda et al., 2013). Consistently,
studies performed recently using culture media
supplemented with two small kinase inhibitor
(PD0325901 and CHIR99021) report the derivation of
ESC lines with a level of hypomethylation higher than
those derived using conventional media (Habibi et al.,
2013; Leitch et al., 2013). In particular, also in this case,
TET enzymes are involved since the two inhibitors
increases their activity, boosting TET-mediated
conversion of 5-mC to 5-hmC, which synergise with the
simultaneous DNMT-related passive effect, easing cells
into a ‘naive state’ in which the genome becomes
hypomethylated and reminiscent of early blastomeres
seen in vivo (Hu et al., 2014).
Epigenetic reprogramming can unleash the full
differentiation potential of any cell type with none of
the limits that constrain embryonic or induced
pluripotent stem cells. It represents a step forward since
it works through natural pathways instead of inducing
artificial states. Therefore, in the near future we are
likely to see a rapid expansion of this approach both in
basic and in clinical research.
Cell spatial arrangement in a 3D microenvironment
From all of the above we learned that
manipulation of the epigenetic status of a somatic cell
enables the quick and substantial increase of its
plasticity that can be readily exploited for changing its
fate and remodelling it according to our wishes. This is
a very efficient and safe process because the raise of cell
plasticity is temporary and reversible avoiding the
danger linked to a permanent pluripotent state that
severely limit the possible clinical use of iPS and ESC
(Brevini et al., 2018).
However, in some circumstances the
availability of more stable pluripotent cells may be of
interest. One of such cases could be the use of
pluripotent cells as nuclear donors for improving the
currently low efficiency of somatic cell nuclear transfer.
As described in detail in a recent review
numerous attempts have been performed to use
epigenetic modifiers to improve SCNT efficiency
(Curcio et al., 2017). However, at present, the
possibility to significantly improve offspring production
is controversial at best.
In this context, we studied the possibility to
stabilize the high plasticity status obtained in vitro by
the epigenetic reprogramming through the addition of a
3D microenvironment. In particular we used
polytetrafluoroethylene (PTFE) micro-bioreactors to
induce cells to self-assemble and form multicellular
spheroids, displaying a uniform size geometry
(Pennarossa et al., 2019). This stems from previous
studies indicating that PTFE is able to efficiently
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encourage cell aggregation, facilitating the formation of
embryoid bodies from murine ESC (Sarvi et al., 2013)
or the establishment of olfactory ensheathing cell
spheroid structures (Vadivelu et al., 2015). Our results
demonstrate the 3D cell rearrangement, obtained within
the
microbioreactors
induced
global
DNA
demethylation
and
elevated
transcription
of
pluripotency
markers.
Ultrastructural
analysis
demonstrated that cells in the 3D spherical structures
showed significant intercellular spaces, high nucleus to
cytoplasm ratio, nuclei containing euchromatin and
large reticulated nucleoli. Cytoplasm was characterized
by the presence of free ribosomes, polyribosomes,
elongated tubular mitochondria, well-developed rough
endoplasmic reticulum, Golgi complexes, few reticulum
cisternae and lipid droplets. All these features resemble
the morphology typical of undifferentiated cells like
ESC and iPS, and remind of the inner cell mass (ICM)
of blastocysts (Courtot et al., 2014; Efroni et al., 2008;
Lai et al., 2015; Liang and Zhang, 2013; Meshorer et
al., 2006; Meshorer and Misteli, 2006; Sathananthan et
al., 2002). These observations suggest that the use of
PTFE microbioreactors encourages cell aggregation and
boosts the induction and stable maintenance of
morphological properties typical of pluripotent cells.
Molecular analysis showed that PTFE
encapsulated
cells
remained
significantly
hypomethylated for the entire length of the experiments.
Furthermore, our results showed that epigenetic erasing
led to an increased expression of the ten-eleven
translocation family member TET2, accompanied by the
onset of the pluripotency-related genes, OCT4,
NANOG, REX1 and SOX2, as well as the up-regulation
of EPCAM, and CDH1 genes, confirming and
expanding previous studies carried out in our laboratory
(Brevini et al., 2014; Manzoni et al., 2016; Pennarossa
et al., 2014, 2013). As we described above, this is the
same mechanism taking place in epigenetic
reprogramming
which, in turn, replicates the
methylation changes taking place during iPS
reprogramming with the combined effect of reduced
DNMT activity with the active demethylation controlled
by TET proteins (Hysolli et al., 2016). The two play an
essential role in pluripotency maintenance and the
acquisition of a high plasticity phenotype (Ito et al.,
2010; Tahiliani et al., 2009), resulting in the decrease of
fibroblast-specific marker (THY1), the onset of
pluripotency-related genes (OCT4, NANOG, REX1,
and SOX2), and the upregulation of key MET markers
(EPCAM, CDH1).
Interestingly, these changes were promoted and
stably maintained by the use of the PTFE
microbioreactor, suggesting that 3D cell confinement
boosts pluripotency gene transcription and maintains
long-term cell plasticity. These morphological and
molecular changes were accompanied by the activation
of the Hippo-signalling pathway with distinctive
modifications in the transcriptional cofactor TAZ
localization. In particular, the 3D cell confinement
encouraged TAZ nuclear retention, that was stably
maintained for the entire length of the experiments.
TAZ localization was mirrored by a parallel nuclear
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accumulation of signal transducer SMAD2 (Fig.2 ).
This evidence is in line with previous reports that
indicate a direct interaction between TAZ and SMAD
proteins, where TAZ defines a hierarchical system,
regulating SMAD complexes shuttling and coupling to
the transcriptional machinery (Ohgushi et al., 2015;
Varelas et al., 2008). These observations are even more

intriguing, given the fact that the Hippo signalling
pathway and its activators are highly expressed in the
mammalian embryo and have been recently shown to
contribute to and to improve early embryonic
development (Yu et al., 2016). Mechanosensing-related
activation of such pathway is therefore likely to enhance
epigenetic reprogramming and plasticity.

Figure 2. When cells are allowed to grow in a 3D arrangement, obtained within PTFE microbioreactors (panel A),
DNA undergoes a global demethylation and transcription of pluripotency markers increases (e.g. Oct4 as shown in
panel B). This is achieved by the nuclear translocation of TAZ protein that drives SMAD2 into the nucleus that, in
turn, activates the transcription of Oct4, Nanog, Rex1 and Sox2.
Conclusions
Careful modulation of the epigenetic make-up
provides an efficient and safe way to change the state of
any somatic cells. The increased plasticity is reversible
and transient, making it much more physiological than
the permanent pluripotency of ESC and iPS.
Recent developments revealed a surprising
overlap among the molecular mechanisms that control
cell reprogramming, even if it is achieved through
different techniques, and the regulatory pathways acting
in the early embryo.
In the near future it will be interesting to see if

480

it is possible to harness the full potential of these
mechanisms to achieve an accurate epigenetic resetting.
For instance, we know that the low efficiency of SCNT
is largely due to the short time available for the nucleus
to undergo the extensive epigenetic reprogramming that
takes place after fertilization. Even the use of ESC or
iPS has been unable to significantly improve it, possibly
because pluripotent cells are more similar to the epiblast
than to the zygotic nucleus. We can hypothesise that the
balanced combination of epigenetic erasing, 3D cell
rearrangement and chemical induction can transform the
epigenetic status of the somatic nucleus into that found
in the zygote, in practice, reprogramming it before its
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transfer, so that it can follow the physiological
evolution leading to the complete development (Fig. 3).
This may prove to be a novel tool to obtain cell nuclei
much more amenable to a correct reprogramming within

the short time frame provided by SCNT. The resulting
improvement may enable to fully exploit the exiting
developments promised by gene editing in livestock
production.

Figure 3. Efficiency of somatic cell nuclear transfer has remained low though the years. It is thought that the
different epigenetic status between the donor cells and the zygote nucleus may be the main reason. The use of ESC
of iPS pluripotent cells has brought only small improvements if any. We hypothesise that the understanding of the
molecular mechanisms common to different reprogramming methods may lead to an accurate control of the nuclear
epigenetic status that will resemble that of the zygote, thereby significantly increasing SCNT efficiency and
unleashing the full potential of genome editing in livestock species.

Author contributions

References

FG: Conceptualization, Funding acquisition,
Supervision, Writing; SA Data curation, Formal analysis;
GP: Data curation, Formal analysis; TALB
Conceptualization, Funding acquisition, Supervision,
Writing.

Alberio R, Croxall N, Allegrucci C. 2010. Pig epiblast
stem cells depend on activin/nodal signaling for
pluripotency and self-renewal. Stem Cells Dev, 19:16271636. Doi.org/10.1089/scd.2010.0012
Berdasco M, Esteller M. 2011. DNA methylation in
stem cell renewal and multipotency. Stem Cell Res,
Ther. 2:42. Doi.org/10.1186/scrt83.
Berg DK, Smith CS, Pearton DJ, Wells DN,
Broadhurst R, Donnison M, Pfeffer PL. 2011.
Trophectoderm lineage determination in cattle. Dev Cell,
20:244-255. Doi.org/10.1016/j.devcel.2011.01.003.
Brevini TAL, Pennarossa G, Attanasio L, Vanelli A,
Gasparrini B, Gandolfi F. 2010. Culture conditions
and signalling networks promoting the establishment of
cell lines from parthenogenetic and biparental pig
embryos. Stem Cell Rev. Reports, 6:484-495.
Doi.org/10.1007/s12015-010-9153-2.
Brevini TAL, Gandolfi F. 2013. Pluripotency in
domestic animal embryos, In: Pluripotency in

Conflict of interest
The Authors declare no conflict of interest.
Acknowledgments and Funding disclosure statement
FG, SA, GP, TALB were supported with funds
by Carraresi Fundation project "Innovative strategies to
ensure a fast translation process from the laboratory
bench to the patient bedsite and implement the
community quality of life" and University of Milan
Grant PSR 2017.

Anim. Reprod., v.16, n.3, p.475-484, Jul./Sept. 2019

481

Gandolfi et al. Common mechanisms regulating cell plasticity.

Domestic Animal Cells. SpringerBriefs in Stem Cells.
Springer, New York, NY. Doi.org/10.1007/978-14899-8053-3_2.
Brevini TAL, Pennarossa G, Rahman MM, Paffoni
A, Antonini S, Ragni G, deEguileor M, Tettamanti
G, Gandolfi F. 2014. Morphological and molecular
changes of human granulosa cells exposed to 5azacytidine
and
addressed
toward
muscular
differentiation. Stem Cell Rev, 10:633-42. Doi.org/
10.1007/s12015-014-9521-4.
Brevini TAL, Pennarossa G, Acocella F, Brizzola S,
Zenobi A, Gandolfi F. 2016. Epigenetic conversion of
adult dog skin fibroblasts into insulin-secreting cells.
Vet J, 211:52-56. Doi.org/10.1016/j.tvjl.2016.02.014.
Brevini TAL, Manzoni EFM, Gandolfi F. 2018.
Methylation mechanisms and biomechanical effectors
controlling cell fate. Reprod Fertil Dev, 30:64-72.
Doi.org/10.1071/RD17348.
Chandrakanthan V, Yeola A, Kwan JC, Oliver RA,
Qiao Q, Kang YC, Zarzour P, Beck D, Boelen L,
Unnikrishnan A, Villanueva JE, Nunez AC, Knezevic
K, Palu C, Nasrallah R, Carnell M, Macmillan A,
Whan R, Yu Y, Hardy P, Grey ST, Gladbach A,
Delerue F, Ittner L, Mobbs R, Walkley CR, Purton
LE, Ward RL, Wong JW, Hesson LB, Walsh W,
Pimanda JE. 2016. PDGF-AB and 5-Azacytidine induce
conversion of somatic cells into tissue-regenerative
multipotent stem cells. Proc Natl Acad Sci USA,
113:E2306-15. Doi.org/10.1073/pnas.1518244113.
Christman JK. 2002. 5-Azacytidine and 5-aza2[prime]-deoxycytidine as inhibitors of DNA
methylation: mechanistic studies and their implications
for cancer therapy. Oncogene, 21:5483-5495.
Courtot AM, Magniez A, Oudrhiri N, Feraud O,
Bacci J, Gobbo E, Proust S, Turhan AG, BennaceurGriscelli A. 2014. Morphological analysis of human
induced pluripotent stem cells during induced
differentiation and reverse programming. Biores Open
Access, 3:206-216. Doi.org/10.1089/biores.2014.0028
Curcio AG, Bressan FF, Meirelles FV, Dias AJB,
Curcio AG, Bressan FF, Meirelles FV, Dias AJB.
2017. Achievements and perspectives in cloned and
transgenic cattle production by nuclear transfer: influence
of cell type, epigenetic status and new technology. Anim
Reprod, 14:1003-1013. Doi.org/10.21451/1984-3143AR853.
Efroni S, Duttagupta R, Cheng J, Dehghani H,
Hoeppner DJ, Dash C, Bazett-Jones DP, Le Grice S,
McKay RD, Buetow KH, Gingeras TR, Misteli T,
Meshorer E. 2008. Global transcription in pluripotent
embryonic stem cells. Cell Stem Cell, 2:437-447.
Doi.org/10.1016/j.stem.2008.03.021.
Epsztejn-Litman S, Feldman N, Abu-Remaileh M,
Shufaro Y, Gerson A, Ueda J, Deplus R, Fuks F,
Shinkai Y, Cedar H, Bergman Y. 2008. De novo DNA
methylation promoted by G9a prevents reprogramming
of embryonically silenced genes. Nat Struct Mol Biol,
15:1176-1183. Doi.org/10.1038/nsmb.1476.
Esteban MA, Xu J, Yang J, Peng M, Qin D, Li W,
Jiang Z, Chen J, Deng K, Zhong M, Cai J, Lai L, Pei
D. 2009. Generation of induced pluripotent stem cell
lines from tibetan miniature Pig. J Biol Chem,

482

284:17634–17640. Doi.org/10.1074/jbc.M109.008938.
Gandolfi F, Pennarossa G, Maffei S, Brevini T. 2012.
Why is it so difficult to derive pluripotent stem cells in
domestic ungulates? Reprod Domest Anim, 47:11-17.
Doi.org/10.1111/j.1439-0531.2012.02106.x.
Gandolfi F, Brevini TAL. 2018. Stem cells and cell
conversion in livestock. In: Niemann H., Wrenzycki C.
(eds) Animal Biotechnology 2. Springer, Cham.
Doi.org/10.1007/978-3-319-92348-2_10.
Glover TW, Coyle-Morris J, Pearce-Birge L, Berger
C, Gemmill RM. 1986. DNA demethylation induced by
5-azacytidine does not affect fragile X expression. Am J
Hum Genet, 38:309-318.
Grabole N, Tischler J, Hackett JA, Kim S, Tang F,
Leitch HG, Magnusdottir E, Surani MA. 2013. Prdm14
promotes germline fate and naive pluripotency by
repressing FGF signalling and DNA methylation. EMBO
Rep, 14:629-637.Doi.org/10.1038/embor.2013.67.
Gu T-P; Guo F; Yang H; Wu H-P; Xu G-F; Liu W;
Xie Z-G; Shi L; He X; Jin S; Iqbal K; Shi YG; Deng
Z; Szabo PE; Pfeifer GP; Li J; Xu G-L. 2011. The role
of Tet3 DNA dioxygenase in epigenetic reprogramming
by oocytes. Nature, 477:606-610.
Gurdon JB, Melton DA. 2008. Nuclear reprogramming
in cells. Science, 322:1811-1815.
Habibi E, Brinkman AB, Arand J, Kroeze LI,
Kerstens HHD, Matarese F, Lepikhov K, Gut M,
Brun-Heath I, Hubner NC, Benedetti R, Altucci L,
Jansen JH, Walter J, Gut IG, Marks H, Stunnenberg
HG. 2013. Whole-genome bisulfite sequencing of two
distinct interconvertible DNA methylomes of mouse
embryonic stem cells. Cell Stem Cell, 13:360-369.
Doi.org/10.1016/J.STEM.2013.06.002.
Hall VJ, Christensen J, Gao Y, Schmidt MH, Hyttel
P. 2009. Porcine pluripotency cell signaling develops
from the inner cell mass to the epiblast during early
development. Dev Dyn, 238:2014-2024. Doi.org/10.1002/
dvdy.22027.
Haraguchi S, Kikuchi K, Nakai M, Tokunaga T.
2012. Establishment of self-renewing porcine
embryonic stem cell-like cells by signal inhibition. J
Reprod Dev, 58:707-716. Doi.org/10.1262/jrd.2012008.
Harris DM, Hazan-Haley I, Coombes K, BuesoRamos C, Liu J, Liu Z, Li P, Ravoori M, Abruzzo
L, Han L, Singh S, Sun M, Kundra V, Kurzrock R,
Estrov Z. 2011. Transformation of human mesenchymal
cells and skin fibroblasts into hematopoietic cells. PLoS
One, 6:e21250. Doi.org/10.1371/journal.pone.0021250.
Hou D-R, Jin Y, Nie X-W, Zhang M-L, Ta N, Zhao
L-H, Yang N, Chen Y, Wu Z-Q, Jiang H-B, Li Y-R,
Sun Q-Y, Dai Y-F, Li R-F. 2016. Derivation of porcine
embryonic stem-Like cells from in vitro-produced
blastocyst-stage
embryos.
Sci
Rep,
6:25838.
Doi.org/10.1038/srep25838.
Hu X, Zhang L, Mao SQ, Li Z, Chen J, Zhang RR,
Wu HP, Gao J, Guo F, Liu W, Xu GF, Dai HQ, Shi
YG, Li X, Hu B, Tang F, Pei D, Xu GL. 2014. Tet and
TDG mediate DNA demethylation essential for
mesenchymal-to-epithelial transition in somatic cell
reprogramming. Cell Stem Cell, 14:512-522.
Doi.org/10.1016/j.stem.2014.01.001

Anim. Reprod., v.16, n.3, p.475-484, Jul./Sept. 2019

Gandolfi et al. Common mechanisms regulating cell plasticity.

Hysolli E, Tanaka Y, Su J, Kim KY, Zhong T,
Janknecht R, Zhou XL, Geng L, Qiu C, Pan X, Jung
YW, Cheng J, Lu J, Zhong M, Weissman SM, Park
IH. 2016. Regulation of the DNA methylation
landscape in human somatic cell reprogramming by the
miR-29 family. Stem Cell Reports, 7:43-54.
Doi.org/10.1016/j.stemcr.2016.05.014.
Ito S, D/’Alessio AC, Taranova O V Hong K, Sowers
LC, Zhang Y. 2010. Role of Tet proteins in 5mC to
5hmC conversion, ES-cell self-renewal and inner cell
mass specification. Nature, 466:1129-1133.
Jasnos L, Aksoy FB, Hersi HM, Wantuch S, Sawado
T. 2013. Identifying division symmetry of mouse
embryonic stem cells: negative impact of dna
methyltransferases on symmetric self-renewal. Stem
Cell Reports, 1:360-369. Doi.org/10.1016/J.STEMCR.
2013.08.005.
Jones PA. 1985. Effects of 5-azacytidine and its 2’deoxyderivative on cell differentiation and DNA
methylation. Pharmacol Ther, 28:17-27. Doi.org/01637258(85)90080-4 [pii].
Koh S, Piedrahita JA. 2014. From “ES-like” cells to
induced pluripotent stem cells: a historical perspective
in domestic animals. Theriogenology, 81:103-111.
Doi.org/10.1016/j.theriogenology.2013.09.009.
Kumar D, Talluri TR, Anand T, Kues WA. 2015.
Induced pluripotent stem cells: Mechanisms,
achievements and perspectives in farm animals. World J
Stem Cells, 7:315-328. Doi.org/10.4252/wjsc.v7.i2.315.
Lai D, Wang Y, Sun J, Chen Y, Li T, Wu Y, Guo L,
Wei C. 2015. Derivation and characterization of human
embryonic stem cells on human amnion epithelial cells.
Sci Rep, 5:10014. Doi.org/10.1038/srep10014
Leitch HG, McEwen KR, Turp A, Encheva V,
Carroll T, Grabole N, Mansfield W, Nashun B,
Knezovich JG, Smith A, Surani MA, Hajkova P.
2013. Naive pluripotency is associated with global DNA
hypomethylation. Nat Struct Mol Biol, 20:311-316.
Doi.org/10.1038/nsmb.2510.
Li J-Y, Pu M-T, Hirasawa R, Li B-Z, Huang Y-N,
Zeng R, Jing N-H, Chen T, Li E, Sasaki H, Xu G-L.
2007. Synergistic function of DNA methyltransferases
Dnmt3a and Dnmt3b in the methylation of Oct4 and
Nanog. Mol Cell Biol, 27:8748-8759. Doi.org/10.1128/
MCB.01380-07.
Li Y, Cang M, Lee AS, Zhang K, Liu D. 2011.
Reprogramming of sheep fibroblasts into pluripotency
under a drug-inducible expression of mouse-derived
defined factors. PLoS One, 6:e15947. Doi.org/10.1371/
journal.pone.0015947.
Liang G, Zhang Y. 2013. Embryonic stem cell and
induced pluripotent stem cell: an epigenetic perspective.
Cell Res, 23:49-69. Doi.org/10.1038/cr.2012.175.
Ma Y, Yu T, Cai Y, Wang H. 2018. Preserving selfrenewal of porcine pluripotent stem cells in serum-free
3i culture condition and independent of LIF and b-FGF
cytokines. Cell Death Discov, 4:21. Doi.org/10.1038/
s41420-017-0015-4.
Manzoni EFM, Pennarossa G, Deeguileor M,
Tettamanti G, Gandolfi F, Brevini TAL. 2016. 5azacytidine affects TET2 and histone transcription and
reshapes morphology of human skin fibroblasts. Sci

Anim. Reprod., v.16, n.3, p.475-484, Jul./Sept. 2019

Rep, 6:37017. Doi.org/10.1038/srep37017.
Meshorer E, Misteli T. 2006. Chromatin in pluripotent
embryonic stem cells and differentiation. Nat Rev Mol
Cell Biol, 7:540-546. Doi.org/10.1038/nrm1938.
Meshorer E, Yellajoshula D, George E, Scambler PJ,
Brown DT, Misteli T. 2006. Hyperdynamic plasticity
of chromatin proteins in pluripotent embryonic stem
cells. Dev Cell, 10:105-116. Doi.org/10.1016/j.devcel.
2005.10.017.
Mirakhori F, Zeynali B, Kiani S, Baharvand H.
2015. Brief azacytidine step allows the conversion of
suspension human fibroblasts into neural progenitor-like
cells. Cell J, 17:153-158.
Mohr F, Döhner K, Buske C, Rawat VPS. 2011. TET
Genes: new players in DNA demethylation and
important determinants for stemness. Exp Hematol,
39:272-281. Doi.org/10.1016/J.EXPHEM.2010.12.004.
Oda M, Kumaki Y, Shigeta M, Jakt LM, Matsuoka
C, Yamagiwa A, Niwa H, Okano M. 2013. DNA
methylation restricts lineage-specific functions of
transcription factor Gata4 during embryonic stem cell
differentiation.
PLoS
Genet,
9:e1003574.
Doi.org/10.1371/journal.pgen.1003574.
Ohgushi M, Minaguchi M, Sasai Y. 2015. Rhosignaling-directed YAP/TAZ activity underlies the
Long-term survival and expansion of human embryonic
stem
cells.
Cell
Stem
Cell,
17:448-461.
Doi.org/10.1016/J.STEM.2015.07.009.
Pennarossa G, Maffei S, Campagnol M, Tarantini L,
Gandolfi F, Brevini TAL. 2013. Brief demethylation
step allows the conversion of adult human skin
fibroblasts into insulin-secreting cells. Proc Natl Acad
Sci USA, 110:8948-8953. Doi.org/10.1073/pnas.
1220637110.
Pennarossa G, Maffei S, Campagnol M, Rahman
MM, Brevini TAL, Gandolfi F. 2014. Reprogramming
of pig dermal fibroblast into insulin secreting cells by a
brief exposure to 5-aza-cytidine. Stem Cell Rev, 10:3143. Doi.org/10.1007/s12015-013-9477-9
Pennarossa G, Santoro R, Manzoni EFM, Pesce M,
Gandolfi F, Brevini TAL. 2017. Epigenetic erasing
and pancreatic differentiation of dermal fibroblasts into
insulin-producing cells are boosted by the use of lowstiffness substrate. Stem Cell Rev, 14:398-411.
Doi.org/10.1007/s12015-017-9799-0.
Pennarossa G, Manzoni EFM, Ledda S, deEguileor
M, Gandolfi F, Brevini TAL. 2019. Use of a PTFE
Micro-Bioreactor to Promote 3D Cell rearrangement
and maintain high plasticity in epigenetically erased
fibroblasts. Stem Cell Rev, 15:82-92. Doi.org/10.1007/
s12015-018-9862-5.
Rossant J, Tam PPL. 2009. Blastocyst lineage
formation, early embryonic asymmetries and axis
patterning in the mouse. Development, 136:701-713.
Doi.org/10.1242/dev.017178.
Rossant J. 2015. Mouse and human blastocyst-derived
stem cells: vive les differences. Development, 142:9-12.
Doi.org/10.1242/dev.115451.
Sarvi F, Arbatan T, Chan PPY, Shen WA. 2013. A
novel technique for the formation of embryoid bodies
inside liquid marbles. RSC Adv, 3:14501-14508.
Doi.org/10.1039/C3RA40364E.

483

Gandolfi et al. Common mechanisms regulating cell plasticity.

Sathananthan H, Pera M, Trounson A. 2002. The
fine structure of human embryonic stem cells. Reprod
Biomed Online, 4:56-61.
Smith AG. 2001. Embryo-derived stem cells: of mice
and men. Annu Rev Cell Dev Biol, 17:435-462.
Soto DA, Ross PJ. 2016. Pluripotent stem cells and
livestock genetic engineering. Transgenic Res, 25:289306. Doi.org/10.1007/s11248-016-9929-5.
Sumer H, Liu J, Malaver-Ortega LF, Lim ML,
Khodadadi K, Verma PJ. 2011. NANOG is a key
factor for induction of pluripotency in bovine adult
fibroblasts. J Anim Sci, 89:2708-2716.Doi.org/10.2527/
jas.2010-3666.
Tahiliani M, Koh KP, Shen Y, Pastor WA,
Bandukwala H, Brudno Y, Agarwal S, Iyer LM, Liu
DR, Aravind L, Rao A. 2009. Conversion of 5methylcytosine
to
5-hydroxymethylcytosine
in
mammalian DNA by MLL partner TET1. Science,
324:930-935. Doi.org/10.1126/science.1170116.
Takahashi K, Yamanaka S. 2006. Induction of
pluripotent stem cells from mouse embryonic and adult
fibroblast cultures by defined factors. Cell, 126:663676. Doi.org/10.1016/j.cell.2006.07.024.
Talbot NC, Blomberg le A. 2008. The pursuit of ES
cell lines of domesticated ungulates. Stem Cell Rev,
4:235-254. Doi.org/10.1007/s12015-008-9026-0.
Tamada H, Van Thuan N, Reed P, Nelson D, KatokuKikyo N, Wudel J, Wakayama T, Kikyo N. 2006.
Chromatin decondensation and nuclear reprogramming
by nucleoplasmin. Mol Cell Biol, 26:1259-1271.
Doi.org/10.1128/MCB.26.4.1259-1271.2006.
Taylor SM, Jones PA. 1979. Multiple new phenotypes
induced in 10T1/2 and 3T3 cells treated with 5azacytidine.
Cell,
17:771-779.
Doi.org/00928674(79)90317-9 [pii].
Telugu BPVL, Ezashi T, Sinha S, Alexenko AP,
Spate L, Prather RS, Roberts RM. 2011. Leukemia
inhibitory factor (LIF)-dependent, pluripotent stem cells

484

established from inner cell mass of porcine embryos. J
Biol Chem, 286:28948-28953. Doi.org/ 10.1074/
JBC.M111.229468
Vadivelu RK, Ooi CH, Yao RQ, Tello Velasquez J,
Pastrana E, Diaz-Nido J, Lim F, Ekberg JA, Nguyen
NT, St John JA. 2015. Generation of three-dimensional
multiple spheroid model of olfactory ensheathing cells
using floating liquid marbles. Sci Rep, 5:15083.
Doi.org/10.1038/srep15083.
Van Eijk MJT, Van Rooijen MA, Modina S, Scesi L,
Folkers G, Van Tol HTA, Bevers MM, Fisher SR,
Lewin HA, Rakacolli D, Galli C, De Vaureix C,
Trounson AO, Mummery CL, Gandolfi F. 1999.
Molecular cloning, genetic mapping, and developmental
expression of bovine POU5F1. Biol Reprod, 60:10931103.
Varelas X, Sakuma R, Samavarchi-Tehrani P,
Peerani R, Rao BM, Dembowy J, Yaffe MB,
Zandstra PW, Wrana JL. 2008. TAZ controls Smad
nucleocytoplasmic shuttling and regulates human
embryonic stem-cell self-renewal. Nat Cell Biol,
10:837-848. Doi.org/10.1038/ncb1748.
West FD, Uhl EW, Liu Y, Stowe H, Lu Y, Yu P,
Gallegos-Cardenas A, Pratt SL, Stice SL. 2011. Brief
report: chimeric pigs produced from induced pluripotent
stem cells demonstrate germline transmission and no
evidence of tumor formation in young pigs. Stem Cells,
29:1640-1643.
Wu Z, Chen J, Ren J, Bao L, Liao J, Cui C, Rao L,
Li H, Gu Y, Dai H, Zhu H, Teng X, Cheng L, Xiao L.
2009. Generation of pig induced pluripotent stem cells
with a drug-inducible system. J Mol Cell Biol, 1:46-54.
Doi.org/mjp003 [pii]10.1093/jmcb/mjp003.
Yu C, Ji SY, Dang YJ, Sha QQ, Yuan YF, Zhou JJ,
Yan LY, Qiao J, Tang F, Fan HY. 2016. Oocyteexpressed yes-associated protein is a key activator of the
early zygotic genome in mouse. Cell Res, 26:275-287.
Doi.org/10.1038/cr.2016.20.

Anim. Reprod., v.16, n.3, p.475-484, Jul./Sept. 2019

