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iPS cells generation: an overview of techniques
and methods
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Cell therapy is one of the principal and most promising research areas of regenerative medicine. Nevertheless
different ethical problems related with the use of embryonic stem cells arise from this technology. Thus the
search for a feasible way of stem cells generation is in current investigation. Induced pluripotent stem (iPS) cell is
one of the most encouraging emerging technologies that represent a solution to this problem. Different methods
that change cell protein and gene profiles, as well as its morphology and function, driving the cell to the stem cell
state have been developed. These include nuclear transfer, the usage of cell extracts and synthetic molecules,
the forced expression of defined genes and cytoplasmatic level modifications. Even though favorable results
have been achieved, there are still issues that require special attention. Advances with non-integration methods
are now available but dedifferentiation efficiency is yet an area of opportunity. The main objective of this review is
to show the most important techniques, their advantages and opportunity areas in the field of iPS cell generation.
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Introduction

Totipotency is a term used to define the capacity of a portion
of an organism to generate or regenerate an entire new
one ", Totipotent cells have the ability to develop into any of
the three germinal layers (endoderm, mesoderm and
ectoderm) and into cells of the two placental layers. Due to
the fact that in higher mammals, totipotency has been proven
difficult to achieve [2], dediferentiations towards multipotency
and pluripotency are being explored, driving the major
scientific efforts to the production of these types of stem
cells. Multipotent stem cells are those capable of
differentiation into multiple but limited lineages. Pluripotent
stem cells might be considered as the genomic state from
which other patterns of the genome activity arise later in
development, being able to derive into any of the three layers
of the three germ lines 1. 3]

Stem cells are responsible for tissue homeostasis
maintenance, as they substitute injured and/or aged cells
with new ones 1,

During the last years, pluripotent embryonic stem (ES) cells
have been derived from the inner cell mass of human
embryos [2]; nonetheless for research purposes this method
to obtain raw-material is limited and not widely socially or
ethically accepted. Because of this, the necessity of having a
different source of stem cells which can be later applied in
therapeutic and diagnostic studies generated a broad new
research line: induction of pluripotency in differentiated cells.
This means going back in the development timeline to obtain
stem cells from those that have been fully or partially
differentiated.

Promising results have been obtained. Induced pluripotent stem
(iPS) cells have been derived from murine and human somatic
cells.  Although they develop correctly in vitro, in vivo
experiments do not always give the expected results, as iPS
engraft in some but not all areas of the target organ, where they
proliferate and differentiate M. Besides, due to their ability to
derive in any germline cell, they are also associated with high
rates of teratomas in recipients.

The successful development of a safe efficient procedure for
cell dedifferentiation represents an alternative that can be the
difference between rejected or insufficient transplants and
improved life expectancies for thousands of people around the
world with better and faster drug research and development 5.6l

The purpose of this review is to give a general scenario of the
state of the art in iPS cells generation, showing the most
important and promising emerging dedifferentiation technologies
of various research groups all over the world.

Pluripotency induction methods

Experimental protocols on this subject have been developed at
high rates for around ten years, although Evans and Kauffman
started embryonic stem cells generation studies almost thirty
years ago ! "Diverse mouse, rat and human cell lines are used
to analyze genes implicated in the differentiation process and
the pluripotent state retention.

There is little known about reprogramming mechanisms, but it is
certain that chromatin modification is a key step in the process.
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Once dedifferentiation is achieved, LIF, Wnt and BMP
pathways are involved in maintaining ES cells in the self-
renewal state 1.

Dedifferentiation can be evaluated at different levels. Cell
gene expression profile is reversed, thus development-
related gene activity is turned off as undifferentiation-related
genes are activated. At the protein level, upregulation of
progenitor cell-related proteins can be observed and
differentiated cell-related proteins are downregulated. Talking
about morphology, dedifferentiated cells are smaller, have a
higher karyoplasmic ratio and fewer organelles than
differentiated ones. At the functional level, they have the
ability to become a broader variety of cell types than those
differentiated .

Nonetheless, another problem arises when the
reprogramming method has to be chosen. There are multiple
ways to reverse differentiation, but none of them have been
able to reverse the process without the use of viral vectors,
cell fusion or with guaranteed in vivo safety.

1.1 Dedifferentiation methods

Different methods have been explored to accomplish the
reprogramming objective (Table ), as well as
experimentation with different cell lines, in order to find which
ones have greater dedifferentiation efficiencies.

1.1.2 Nuclear transfer

Somatic cell nuclear transfer (SCNT) is a process by which a
somatic cell nucleus is fused with a mature enucleated
oocyte. An incomplete epigenetic remodeling of the somatic
nucleus is given, driving the cell to a totipotent state without
the reprogramming that normally happens during
development .10 The ability of the oocyte to reprogram is
influenced by the donor cell type. Nuclei of cells that are
relatively less differentiated support better full-term
development, compared with those of fully differentiated
cells. Epigenetic reprogramming during cloning is a
haphazard and stochastic process; therefore many defects
may appear when the process is not fully successful. Among
these defects are errors in X chromosome activation,
imprinting, DNA methylation in general and of specific gene
and repeat sequences, widespread alteration in gene
expression, histone acetylation and methylation o]

Only nuclei that have undergone appropriate epigenetic
reprogramming are capable of generating human embryonic
stem (hES) cells from SCNT embryos Bl

1.1.3 Cell extracts

This technique involves the use of an extract from another
differentiated cell type or of undifferentiated, pluripotent ES or
ES cells " Its results are attractive as it might allow
purification of protein complexes with reprogramming
capability (2

Epithelial NIH3T3 and 293T cells have undergone
dedifferentiation using human teratocarcinoma (NCCIT) cells
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extract, in which genes characteristic of multilineage
differentiation potential are upregulated 31,

Experiments, done with Xenopus egg extracts, have
demonstrated that efficient chromatin remodeling of
differentiated nuclei depends on their exposure to mitotic egg
extracts facilitating embryonic DNA replication (12,141

Bru et al. " inducted Oct4, Sox2, Kif4 and cMyc (OSKM)
genes after exposing fibroblasts to ES cells extracts,
otherwise cells were permeabilised with Xenopus egg
extracts, being unable to repeat Hansis et al. ' results.

Freberg et al. " were able to reprogram DNA methylations
and histone modifications on regulatory regions of Oct4 and
Nanog genes on human embryonic kidney cells via exposure
to embryonic carcinoma cells extracts.

Fibroblasts exposed to mouse embryonic stem cells (MESC)
extracts demonstrated that a transient induction of Oct4
triggers its long-term expression causing DNA demethylation
and stemness state 'L

One of the disadvantages of this method is its difficulty to
conclude, in short term, if the protein expression profile of the
target cell corresponds to its own protein production due to
reactivation of stem state genes or if it is consequence of the
transient expression of the ones contained in the extracts in
which the cells are growing (.

On the other hand these cells were not proved to be fully
pluripotent in terms of the transcriptional state and
differentiation capacity into the three germ layers. Thus Cho
et al. " worked on treating primary somatic cells with an ES
cell-derived proteins extract, being able to generate protein-
iPS cells that resemble ES cells characteristics, including in
vitro functionality and in vivo developmental potentials.

1.1.1 Forced expression of defined genes

Transfection of embryonic and somatic cells with Oct4, Sox2,
KIf4 and cMyc (OSKM) genes is capable of inducing stem
cell-like characteristics expression Different combi-
nations that include also Nanog homebox B S 18], Stat3 [3],
LIN28 '8 ¥ Egrrp 2 gvaoLT B2 yTF-12% 29 p53
siRNAPY hTERT #¥ wnt3a ' and Nr5a2 " had been used
as well, some of which have proved to increase
reprogramming efficiency or are able to substitute one of the
OSKM genes. Integrative and non-integrative methods have
been explored.

Integrative methods

The main problem of this approach is the use of retrovirus,
lentivirus or adenovirus to deliver the differentiation genes.
The first ones can cause the reactivation of cancer genes
once they are fully integrated to the cell genome 2821 Oon
the other hand, adenoviral vectors can integrate into the
genome of host cells at extremely low frequencies, a
grobable cause of the low efficiency rates reported so far 130,

1. Constitutive and inducible promoter lentiviruses have
been used, as well as excisable, doxycycline inducible and
constitutive lentivectors 1'% 3% 33
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Table | Dedifferentiation methods

Method Technique Advantages Disadvantages Efficiencies
Nuclear A somatic cell nucleus is fusioned with a mature hES cell lines can be established via | Epigenetic reprogramming outcome R
transfer enucleated oocyte heterologous fusion. is impossible to predict

Cell extracts

Differentiated cells are incubated with ES cells extracts in
order to drive them to express ES cells profiles.

It allows biochemical and kinetic
analysis of reprogramming.
It may result useful for genetic
identification of reprogramming
factors.

Difficult to conclude if the protein
expression profile of the target cell
corresponds to its own protein
production or if it is consequence of
the transient expression of the
protein molecules taken from the
extracts in which the cells are
growing.

The most explored technique that

Use of retrovirus and adenovirus can
cause reactivation of cancer genes

0.001 to 4.4%, depending on the
cell line. The best efficiencies

ex ';g;?:n of Transfection of embryonic cells with set combinations of has given higher efficiencies. once they are fully integrated in the | are given by RNA transduction.
pdefined Oct4, Sox2, c-Myc, KIf4, Nanog, Stat3, Lin28, Esrrb, Non-integration approaches may lead|host's genome. The dedifferentiation |When OSKM+p53 siRNA+UTF-1
factors SVA40LT, UTF-1, p53 siRNA, hTERT, Wnt3a and Nr5a2. to safe clinical applications. Used |protocols have not been streamlined| are used efficiencies increase
with LMW increases efficiencies. yet as techniques are not fully up100X, compared with OSKM
optimized. alone.
Low molecular weight (LMW) compounds may be used as
reprogramming reagents. Reversina has been able to There is not a single compound with The use of certain LMW
generate cells with osteogenic and adipogenic May be useful as a tool for controlling ability to eneragt]e PS CZ”S onl compounds was able to increase
Synthetic differentiation capabilities from myoblasts. stem cell fate and for further cellsywitt?different differentiationy 2.6 - 100 times the
molecules Suberaylanide hidroxamic acid (SAHA), trichostatin A understanding of developmental abilities from the original have been reprogramming efficiency when
TSA), valproic acid (VPA), 5' azaC, RG108, BIX-01294, processes. 9 combined with forced expression
enerated
A-83-01, BayK8644 and dexamethasone have also been 9 . of defined factors.
used.
_— . . ) When used with forced expression of| It is not well understood yet as to
miRNA The objective of this method is o alter the cell protein defined genes, Mir-290 can replace how transcription factors and -

synthesis profile via microRNAs.

miRNAs interact.

Undoubtedly the work reported in 2006 by Takashi et al. who
reprogrammed mouse somatic cells into iPS cells usm?
OSKM was the watershed of pluripotent cells generatlon
One year Iater they repeated their success using human
fibroblasts

Different groups are working on ways to reduce the quantity
of genes involved in the dedifferentiation process;
nevertheless as it reduces the cell to be transformed, this
event needs to be on an earlier developmental stage 130, 35-381
The final objective remains; finding the minimum necessary
genes that would be able to drive the somatic cell to the
pluripotent stage.
So far, murine hegatic cells [17],
flbroblasts SMEF) [28.34,37. 39 a5 well as human fibroblasts !
31,33, 37, 38, 40, 41] keratlnocytes [33, 381 , lymphoc tes 2.
hepatocytes adlpose (43451 prain “° and spleen 21 cells
have been used to experiment. The best results have been
obtained with adipose cells and keratinocytes, getting with
the latter, dedifferentiation efficiencies up to 0.1%, a value
100 times more efficient than and twice as fast as
reprogramming of human fibroblasts, when reprograming
with single DNA vectors 351,

adult and embryon1|§:

The use of single retroviral, adenowral or lentiviral vectors is
a topic of focus too. Sommer et al. ! developed a lentiviral
cassette with the four transcription factors (OSKM), a
combination of 2A peptide and internal ribosome entry site
(IRES) technology.

They reported reprogramming efficiencies ten times higher
than those previously described, reaching up to 0.5%.
Experiments with polycistronic constructs and homologus
recombination had also been done, reporting efficiencies five
times higher than those with separated-gene vectors 1, 48]
Their use of loxP sites represented the first steps toward
non-integration methodologies; thus they virtually eliminated
oncogenic risks due to transgene reactivation.

Kaji et al. 19 were able to reprogram efficiently MEFs and
human fibroblasts, with a single non-viral vector including 2A
peptide-linked reprogramming factors combined with a
piggyBac (PB) transposon delivery system, obtainin
dedifferentiation efficiencies up to 2.5%. Woltjen et al.
also worked with those cells delivering OSKM by PB
transposition and doxycycline. As opposed to Cre-excisable
transgenes, PBs do not leave a genomic scar because the
transposon is precisely deleted without an integration site
sequence modification after removal is done.

Non integrative
Four approaches directed to overcome integrative techniques
disadvantages have been explored: |nte1grat|on -defective

viral, episomal, RNA and protein deliveries !

Integration-defective method uses replication-defective
adenoviral or F-deficient Sendai viral vectors. The first ones
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using non-replicating '*°" or replicating “" episomal

approaches do not guarantee plasmid-free integration iPS,
as only 33 and 8% of total transduced cells showed no sign
of plasmid integration respectively. Another major issue with
this technique is the use of SV40LT oncoprotein as
reprogramming factor, when oriP/Epstein-Barr nuclear
antigen-1 episomal vectors (oriP/EBNA1) are used in order to
overcome episome dilution consequence of cell division 2,
An alternative approach proposed by Jia et al. is increased
efficiency by reducing episome size by use of non-integrative
minicircles, obtaining iPS cells in 14-16 days 57,

In order to completely eliminate viral or plasmid vectors,
Warren et al. proposed RNA conver5|on their efficiency with
fibroblasts reaching up to 4. 4% B8 the highest reported so
far. Nevertheless the gene amounts needed for transduction
are so high that they might represent an oncogenic risk. The
cells obtained by this procedure are known as piPS. In this
approach, recombinant proteins fused with transduction
mediating peptides have been delivered in the presence 51
and absence of valproic acid (VPA) B2 but the method
kinetics are slow and its efficiencies are low. Additionally,
protein production and purification is a complex process that
does not certify experimental reproducibility.

1.2.1 Synthetic molecules

The identification of low molecular weight (LMW)
compounds, which can function as reprogramming reagents,
is one of the major chemistry-related stem cell culture
research topics, as it can be a safe, rapid and efficient way
for somatic cell reprogramming with in situ applications. The
use of a small compound called reversina has shown the
ability to induce cellular dedifferentiation in C2C12
myoblasts, generating cells with osteogenic and adipogenic
differentiation capabilities (7.9, 59

In recent years, mainly DNA methyltransferase and histone
deacetylase (HDAC) inhibitors have been used to improve
reprogramming efficiency when forced expressions of
defined genes or somatic cell nuclear transfer techniques are
applied. The most common HDAC inhibitors are
suberoylanide hidroxamic acid (SAHA), trichostatin A (TSA)
and VPA. Even the most popular DNA methyltransferase
inhibitor is 5 azaC, RG108 and BIX-01294 are belng
investigated as they give better efficiency ylelds 60811 Also
the steroid glucocorticoid dexamethasone, the TGF -B
inhibitor A-83-01 2 and the L- -type calcium agonist
BayK8644 5% have been studied.

Different experiments have been done with MEFs which
when combined with forced expression of Oct4, Sox2, Klif4
and c-Myc genes, 5 azaC and dexamethasone increase by
10-fold and 2.6-fold respectively, the reprogramming
efficiency. On the other hand, when VPA is used, the
efficiency reaches a 100-fold over the control experiment on
a dose dependent manner. VPA may control a rate limiting
step in reprogrammlng, but alone it is insufficient to
reprogram MEFs B When three genes are used, 5" azaC
improves reprogramming three times, while VPA improves it
up to fifty times. When knock-out (KO) is used, RG108
enhances efficiency up to nearly 30 times and BayK8644 up
to 15 times.
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Recently, Li et al. ®® were able to derive iPS cells from
mouse embryonic and adult fibroblasts in the presence of
only Oct4 and a combination of synthetic molecules. LMW
compounds may be useful for controlling stem cell fate and
for further understanding of developmental processes I The
question remains open: is there going to be a day when
reprogrammlng could be done by pure chemical methods? 5.

1.1.4  miRNA

The objective of this method is to alter the cell protein
synthesis profile B with the discovery of microRNA
(miRNA), a new perspective in the way dedifferentiation is
done has been achieved. It is not well understood yet how
transcription factors and miRNAs interact. It is still believed
that miRNA maintains steady-state physiology of
differentiated cells, rather than trigger cell differentiation.
Altering its load, the cellular response to exogenic factors
that reprogram gene expression may improve, makin? it
more compatible with the acquisition of a pluripotent state ]

Experiments have been done using mir-302 miRNA, in Colo
and PC3 human cancer cell lines. Once dedifferentiated,
miRNA induced pluripotent stem cells (mirPS) were able to
differentiate into neuron-, chondrocyte-, fibroblast- and
spermatogonia-like primordial cells 631,

Mir-290 cluster has been evaluated in MEFs. Experiments
show that this cluster enhances the efficiency of
dedifferentiation when expression of OSK genes is forced.
Maybe miRNA can replace c¢c-Myc in promoting
dedifferentiation of somatic cells. Small RNAs could replace
additional factors, which maX eventually substitute the use of
introduced DNA elements L. It has been demonstrated that
increased miRNA-145 expression inhibits hESC self-renewal,
represses expression of pluripotency genes and induces
lineage-restricted differentiation 1631

1.2  Future trends

Many different approaches are being explored, but the
optimal method has not been found. Undoubtedly, the main
efforts are focused in faster, safer and more efficient
processes.

The forced expression of defined genes is the most studied
technology. The main research efforts are focused in non-
integration mechanisms and in optimizing the gene
combination required for iPS generation f6el

Even recombinant protein usage is safer but the results
obtained so far are not encouraging, as the method is slow
and inefficient ©°

Synthetic molecules act as well proven efficiency optimizers
but chemists and biologists should work together to generate
or identify a group of LMW molecules that can act as
transcription factor substitutes as well as protein extracts
obtaining optimization, in order to generate gene usage free
iPS cells.

The use of miRNA is still a promising alternative. When a
more precise comprehension of this type of RNA and its role

Copyright © Journal of Stem Cells and Regenerative Medicine. All rights reserved
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in dedifferentiation process is achieved, the non-integration
problem could be solved by the application of this technique.

Efficiency and non-integration issues are addressed as major
problems. iPS cell characteristics should not be
underestimated as epigenetic remodeling, stability,
transcriptional  characteristics, genomic integrity and
tumorigenic potential should be analyzed, so that it can be
said that iPS resemble ES cells and the first can be used as
substitutes of the later in cell therapy [67-69]

Conclusion

Many problems remain to be solved in order to achieve
clinical application level of this technology. The most
encouraging method is the forced gene expression. The
major part of the research efforts are focused in this topic.
The main problem when viral vectors are used is that they
are capable of activating oncogenic pathways, and non-
integrative methods are not able to give efficient results yet.

The search of economically and ethically feasible solutions
for global biomedical problems related to tissue regeneration
is the main concept that incites research groups’ efforts all
over the world.

Diverse techniques are being explored and encouraging
results are being generated. Based on them, the
investigations should be reoriented. Forced expression of
defined genes and synthetic molecules are maybe the most
potential methods, but it is necessary to get out the box and
see the problem from a different point of view.

There is a lot of work pending; further investigation is needed
in order to unravel the molecular and cellular mechanisms of
stem cell pluripotency, as better understanding of the internal
cell profile rearrangement may answer many unsolved
questions and lead researchers to explore or not, paths that
could improve iPS cells generation.

This technique enables the creation of patient specific stem
cells lines to study different disease mechanisms; it would
increase the efficiency in drug discovery; it is a valuable tool
for toxicology testing providers and it may provide
customized patient specific screening and tissue
regeneration therapies both possible and economically
feasible.

Scientists are in front of a very challenging and awaited
therapeutic solution. Surely, all the summarized efforts will
give a clinical application that will change the way medicine
treats diseases.
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Cell therapy is one of the principal and most promising research areas of regenerative medicine. Nevertheless different ethical problems related with the use of embryonic stem cells arise from this technology. Thus the search for a feasible way of stem cells generation is in current investigation. Induced pluripotent stem (iPS) cell is one of the most encouraging emerging technologies that represent a solution to this problem. Different methods that change cell protein and gene profiles, as well as its morphology and function, driving the cell to the stem cell state have been developed. These include nuclear transfer, the usage of cell extracts and synthetic molecules, the forced expression of defined genes and cytoplasmatic level modifications. Even though favorable results have been achieved, there are still issues that require special attention. Advances with non-integration methods are now available but dedifferentiation efficiency is yet an area of opportunity. The main objective of this review is to show the most important techniques, their advantages and opportunity areas in the field of iPS cell generation. 
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iPS cells generation: an overview of techniques and methods







Promising results have been obtained. Induced pluripotent stem (iPS) cells have been derived from murine and human somatic cells.  Although they develop correctly in vitro, in vivo experiments do not always give the expected results, as iPS engraft in some but not all areas of the target organ, where they proliferate and differentiate [1]. Besides, due to their ability to derive in any germline cell, they are also associated with high rates of teratomas in recipients.







The successful development of a safe efficient procedure for cell dedifferentiation represents an alternative that can be the difference between rejected or insufficient transplants and improved life expectancies for thousands of people around the world with better and faster drug research and development [5, 6]. 







The purpose of this review is to give a general scenario of the state of the art in iPS cells generation, showing the most important and promising emerging dedifferentiation technologies of various research groups all over the world.







Pluripotency induction methods







Experimental protocols on this subject have been developed at high rates for around ten years, although Evans and Kauffman started embryonic stem cells generation studies almost thirty years ago [4]. Diverse mouse, rat and human cell lines are used to analyze genes implicated in the differentiation process and the pluripotent state retention.







There is little known about reprogramming mechanisms, but it is certain that chromatin modification is a key step in  the  process.







Introduction



Totipotency is a term used to define the capacity of a portion of an organism to generate or regenerate an entire new    one [1]. Totipotent cells have the ability to develop into any of the three germinal layers (endoderm, mesoderm and ectoderm) and into cells of the two placental layers. Due to the fact that in higher mammals, totipotency has been proven difficult to achieve [2], dediferentiations towards multipotency and pluripotency are being explored, driving the major scientific efforts to the production of these types of stem cells. Multipotent stem cells are those capable of differentiation into multiple but limited lineages. Pluripotent stem cells might be considered as the genomic state from which other patterns of the genome activity arise later in development, being able to derive into any of the three layers of the three germ lines [1, 3]







Stem cells are responsible for tissue homeostasis maintenance, as they substitute injured and/or aged cells with new ones [4]. 







During the last years, pluripotent embryonic stem (ES) cells have been derived from the inner cell mass of human embryos [2]; nonetheless for research purposes this method to obtain raw-material is limited and not widely socially or ethically accepted. Because of this, the necessity of having a different source of stem cells which can be later applied in therapeutic and diagnostic studies generated a broad new research line: induction of pluripotency in differentiated cells. This means going back in the development timeline to obtain stem cells from those that have been fully or partially differentiated.
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extract, in which genes characteristic of multilineage differentiation potential are upregulated [13].







Experiments, done with Xenopus egg extracts, have demonstrated that efficient chromatin remodeling of differentiated nuclei depends on their exposure to mitotic egg extracts facilitating embryonic DNA replication [12, 14].







Bru et al. [15] inducted Oct4, Sox2, Klf4 and cMyc (OSKM) genes after exposing fibroblasts to ES cells extracts, otherwise cells were permeabilised with Xenopus egg extracts, being unable to repeat Hansis et al. [14] results.







Freberg et al. [11] were able to reprogram DNA methylations and histone modifications on regulatory regions of Oct4 and Nanog genes on human embryonic kidney cells via exposure to embryonic carcinoma cells extracts.







Fibroblasts exposed to mouse embryonic stem cells (MESC) extracts demonstrated that a transient induction of Oct4 triggers its long-term expression causing DNA demethylation and stemness state [13]. 







One of the disadvantages of this method is its difficulty to conclude, in short term, if the protein expression profile of the target cell corresponds to its own protein production due to reactivation of stem state genes or if it is consequence of the transient expression of the ones contained in the extracts in which the cells are growing [11]. 







On the other hand these cells were not proved to be fully pluripotent in terms of the transcriptional state and differentiation capacity into the three germ layers. Thus Cho et al. [16] worked on treating primary somatic cells with an ES cell-derived proteins extract, being able to generate protein-iPS cells that resemble ES cells characteristics, including in vitro functionality and in vivo developmental potentials.







Forced expression of defined genes







Transfection of embryonic and somatic cells with Oct4, Sox2, Klf4 and cMyc (OSKM) genes is capable of inducing stem cell-like characteristics expression [9,17]. Different combi- nations that include also Nanog homebox [3, 9, 18], Stat3 [3], LIN28 [18, 19], Esrrb [20], SV40LT [21-23], UTF-1[24, 25], p53 siRNA[24], hTERT [23], Wnt3a [26] and Nr5a2 [27] had been used as well, some of which have proved to increase reprogramming efficiency or are able to substitute one of the OSKM genes. Integrative and non-integrative methods have been explored.



 



Integrative methods







The main problem of this approach is the use of retrovirus, lentivirus or adenovirus to deliver the differentiation genes. The first ones can cause the reactivation of cancer genes once they are fully integrated to the cell genome [28, 29] . On the other hand, adenoviral vectors can integrate into the genome of host cells at extremely low frequencies, a probable cause of the low efficiency rates reported so far [30, 31].  Constitutive and inducible promoter lentiviruses have been used, as well as excisable, doxycycline inducible and constitutive lentivectors [18, 32, 33].















Once dedifferentiation is achieved, LIF, Wnt and BMP pathways are involved in maintaining ES cells in the self-renewal state [7].







Dedifferentiation can be evaluated at different levels. Cell gene expression profile is reversed, thus development-related gene activity is turned off as undifferentiation-related genes are activated. At the protein level, upregulation of progenitor cell-related proteins can be observed and differentiated cell-related proteins are downregulated. Talking about morphology, dedifferentiated cells are smaller, have a higher karyoplasmic ratio and fewer organelles than differentiated ones. At the functional level, they have the ability to become a broader variety of cell types than those differentiated [8]. 







Nonetheless, another problem arises when the reprogramming method has to be chosen. There are multiple ways to reverse differentiation, but none of them have been able to reverse the process without the use of viral vectors, cell fusion or with guaranteed in vivo safety. 







1.1 Dedifferentiation methods







Different methods have been explored to accomplish the reprogramming objective (Table I), as well as experimentation with different cell lines, in order to find which ones have greater dedifferentiation efficiencies. 











Nuclear transfer







Somatic cell nuclear transfer (SCNT) is a process by which a somatic cell nucleus is fused with a mature enucleated oocyte. An incomplete epigenetic remodeling of the somatic nucleus is given, driving the cell to a totipotent state without the reprogramming that normally happens during development [9, 10]. The ability of the oocyte to reprogram is influenced by the donor cell type. Nuclei of cells that are relatively less differentiated support better full-term development, compared with those of fully differentiated cells. Epigenetic reprogramming during cloning is a haphazard and stochastic process; therefore many defects may appear when the process is not fully successful. Among these defects are errors in X chromosome activation, imprinting, DNA methylation in general and of specific gene and repeat sequences, widespread alteration in gene expression, histone acetylation and methylation [10].







Only nuclei that have undergone appropriate epigenetic reprogramming are capable of generating human embryonic stem (hES) cells from SCNT embryos [9].







Cell extracts







This technique involves the use of an extract from another differentiated cell type or of undifferentiated, pluripotent ES or ES cells [11]. Its results are attractive as it might allow purification of protein complexes with reprogramming capability [12]. 







Epithelial NIH3T3 and 293T cells have undergone dedifferentiation using human teratocarcinoma (NCCIT) cells 
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Table I Dedifferentiation methods�

�

�

�

�





Method�





Technique�





Advantages�





Disadvantages�





Efficiencies�

�

Nuclear transfer�

A somatic cell nucleus is fusioned with a mature enucleated oocyte�

hES cell lines can be established via heterologous fusion.�

Epigenetic reprogramming outcome is impossible to predict�

-�

�

Cell extracts�

Differentiated cells are incubated with ES cells extracts in order to drive them to express ES cells profiles.�

It allows biochemical and kinetic analysis of reprogramming.                It may result useful for genetic identification of reprogramming factors.�

Difficult to conclude if the protein expression profile of the target cell corresponds to its own protein production or if it is consequence of the transient expression of the protein molecules taken from the extracts in which the cells are growing.�

-�

�

Forced expression of defined factors�

Transfection of embryonic cells with set combinations of Oct4, Sox2, c-Myc, Klf4, Nanog, Stat3, Lin28, Esrrb, SV40LT, UTF-1, p53 siRNA, hTERT, Wnt3a and Nr5a2.�

The most explored technique that has given higher efficiencies.                Non-integration approaches may lead to safe clinical applications. Used with LMW increases efficiencies.�

Use of retrovirus and adenovirus can cause reactivation of cancer genes once they are fully integrated in the host's genome. The dedifferentiation protocols have not been streamlined yet as techniques are not fully optimized.�

0.001 to 4.4%, depending on the cell line. The best efficiencies are given by RNA transduction.



When OSKM+p53 siRNA+UTF-1 are used efficiencies increase up100X, compared with OSKM alone.�

�

Synthetic molecules�

Low molecular weight (LMW) compounds may be used as reprogramming reagents. Reversina has been able to generate cells with osteogenic and adipogenic differentiation capabilities from myoblasts.     Suberaylanide hidroxamic acid (SAHA), trichostatin A (TSA), valproic acid (VPA), 5' azaC, RG108, BIX-01294, A-83-01, BayK8644 and dexamethasone have also been used.�

May be useful as a tool for controlling stem cell fate and for further understanding of developmental processes.�

There is not a single compound with ability to generate iPS cells. Only cells with different differentiation abilities from the original have been generated.�

The use of certain LMW compounds was able to increase 2.6 - 100 times the reprogramming efficiency when combined with forced expression of defined factors.�

�

miRNA�

The objective of this method is to alter the cell protein synthesis profile via microRNAs.�

When used with forced expression of defined genes, Mir-290 can replace c-Myc.�

It is not well understood yet as to how transcription factors and miRNAs interact.�

-�

�









Undoubtedly the work reported in 2006 by Takashi et al. who 



reprogrammed mouse somatic cells into iPS cells using OSKM was the watershed of pluripotent cells generation [17]. One year later, they repeated their success using human fibroblasts [34].



Different groups are working on ways to reduce the quantity of genes involved in the dedifferentiation process;  nevertheless as it reduces the cell to be transformed, this event needs to be on an earlier developmental stage [30, 35-38].  The final objective remains; finding the minimum necessary genes that would be able to drive the somatic cell to the pluripotent stage.







So far, murine hepatic cells [17], adult and embryonic fibroblasts (MEF) [28, 34, 37, 39] as well as human fibroblasts [13, 23, 30, 31, 33, 37, 38, 40, 41], keratinocytes [33, 35], lymphocytes [42], hepatocytes [13] adipose [43-45], brain [46] and spleen [28] cells have been used to experiment. The best results have been obtained with adipose cells and keratinocytes, getting with the latter, dedifferentiation efficiencies up to 0.1%, a value 100 times more efficient than and twice as fast as reprogramming of human fibroblasts, when reprograming with single DNA vectors [35].







The use of single retroviral, adenoviral or lentiviral vectors is a topic of focus too. Sommer et al. [47] developed a lentiviral cassette with the four transcription factors (OSKM), a combination of 2A peptide and internal ribosome entry site (IRES) technology.







They reported reprogramming efficiencies ten times higher than those previously described, reaching up to 0.5%. Experiments with polycistronic constructs and homologus recombination had also been done, reporting efficiencies five times higher than those with separated-gene vectors [41, 48]. Their use of loxP sites represented the first steps toward non-integration methodologies; thus they virtually eliminated oncogenic risks due to transgene reactivation.







Kaji et al. [49] were able to reprogram efficiently MEFs and human fibroblasts, with a single non-viral vector including 2A peptide-linked reprogramming factors combined with a piggyBac (PB) transposon delivery system, obtaining dedifferentiation efficiencies up to 2.5%. Woltjen et al. [50] also worked with those cells delivering OSKM by PB transposition and doxycycline. As opposed to Cre-excisable transgenes, PBs do not leave a genomic scar because the transposon is precisely deleted without an integration site sequence modification after removal is done. 







Non integrative







Four approaches directed to overcome integrative techniques disadvantages have been explored: integration-defective viral, episomal, RNA and protein deliveries [51, 52].







Integration-defective method uses replication-defective adenoviral or F-deficient Sendai viral vectors. The  first ones 
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Recently, Li et al. [36] were able to derive iPS cells from mouse embryonic and adult fibroblasts in the presence of only Oct4 and a combination of synthetic molecules. LMW compounds may be useful for controlling stem cell fate and for further understanding of developmental processes [7]. The question remains open: is there going to be a day when reprogramming could be done by pure chemical methods? [9, 29]







miRNA







The objective of this method is to alter the cell protein synthesis profile [9]. With the discovery of microRNA (miRNA), a new perspective in the way dedifferentiation is done has been achieved. It is not well understood yet how transcription factors and miRNAs interact. It is still believed that miRNA maintains steady-state physiology of differentiated cells, rather than trigger cell differentiation. Altering its load, the cellular response to exogenic factors that reprogram gene expression may improve, making it more compatible with the acquisition of a pluripotent state [9].







Experiments have been done using mir-302 miRNA, in Colo and PC3 human cancer cell lines. Once dedifferentiated, miRNA induced pluripotent stem cells (mirPS) were able to differentiate into neuron-, chondrocyte-, fibroblast- and spermatogonia-like primordial cells [63].







Mir-290 cluster has been evaluated in MEFs. Experiments show that this cluster enhances the efficiency of dedifferentiation when expression of OSK genes is forced. Maybe miRNA can replace c-Myc in promoting dedifferentiation of somatic cells.  Small RNAs could replace additional factors, which may eventually substitute the use of introduced DNA elements [64]. It has been demonstrated that increased miRNA-145 expression inhibits hESC self-renewal, represses expression of pluripotency genes and induces lineage-restricted differentiation [65].







Future trends







Many different approaches are being explored, but the optimal method has not been found. Undoubtedly, the main efforts are focused in faster, safer and more efficient processes.







The forced expression of defined genes is the most studied technology. The main research efforts are focused in non-integration mechanisms and in optimizing the gene combination required for iPS generation [66].







Even recombinant protein usage is safer but the results obtained so far are not encouraging, as the method is slow and inefficient [51, 52].







Synthetic molecules act as well proven efficiency optimizers but chemists and biologists should work together to generate or identify a group of LMW molecules that can act as transcription factor substitutes as well as protein extracts obtaining optimization, in order to generate gene usage free iPS cells.







The use of miRNA is still a promising alternative. When a more precise comprehension of this type of RNA and its  role 











































































using non-replicating [55-57] or replicating [21] episomal approaches do not guarantee plasmid-free integration iPS, as only 33 and 8% of total transduced cells showed no sign of plasmid integration respectively. Another major issue with this technique is the use of SV40LT oncoprotein as reprogramming factor, when oriP/Epstein-Barr nuclear antigen-1 episomal vectors (oriP/EBNA1) are used in order to overcome episome dilution consequence of cell division [21]. An alternative approach proposed by Jia et al. is increased efficiency by reducing episome size by use of non-integrative minicircles, obtaining iPS cells in 14-16 days [57]. 







In order to completely eliminate viral or plasmid vectors, Warren et al. proposed RNA conversion, their efficiency with fibroblasts reaching up to 4.4% [58], the highest reported so far. Nevertheless the gene amounts needed for transduction are so high that they might represent an oncogenic risk. The cells obtained by this procedure are known as piPS. In this approach, recombinant proteins fused with transduction mediating peptides have been delivered in the presence [51] and absence of valproic acid (VPA) [52], but the method kinetics are slow and its efficiencies are low. Additionally, protein production and purification is a complex process that does not certify experimental reproducibility.











Synthetic molecules







The identification of low molecular weight (LMW) compounds, which can function as reprogramming reagents, is one of the major chemistry-related stem cell culture research topics, as it can be a safe, rapid and efficient way for somatic cell reprogramming with in situ applications. The use of a small compound called reversina has shown the ability to induce cellular dedifferentiation in C2C12 myoblasts, generating cells with osteogenic and adipogenic differentiation capabilities [7, 9, 59].







In recent years, mainly DNA methyltransferase and histone deacetylase (HDAC) inhibitors have been used to improve reprogramming efficiency when forced expressions of defined genes or somatic cell nuclear transfer techniques are applied. The most common HDAC inhibitors are suberoylanide hidroxamic acid (SAHA), trichostatin A (TSA) and VPA. Even the most popular DNA methyltransferase inhibitor is 5’ azaC, RG108 and BIX-01294 are being investigated as they give better efficiency yields [60, 61]. Also the steroid glucocorticoid dexamethasone, the TGF- inhibitor A-83-01 [62] and the L-type calcium agonist BayK8644 [60] have been studied. 







Different experiments have been done with MEFs which when combined with forced expression of Oct4, Sox2, Klf4 and c-Myc genes, 5’ azaC and dexamethasone increase by 10-fold and 2.6-fold respectively, the reprogramming efficiency. On the other hand, when VPA is used, the efficiency reaches a 100-fold over the control experiment on a dose dependent manner. VPA may control a rate limiting step in reprogramming, but alone it is insufficient to reprogram MEFs [30]. When three genes are used, 5’ azaC improves reprogramming three times, while VPA improves it up to fifty times. When knock-out (KO) is used, RG108 enhances efficiency up to nearly 30 times and BayK8644 up to 15 times. 
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in dedifferentiation process is achieved, the non-integration problem could be solved by the application of this technique.







Efficiency and non-integration issues are addressed as major problems. iPS cell characteristics should not be underestimated as epigenetic remodeling, stability, transcriptional characteristics, genomic integrity and tumorigenic potential should be analyzed, so that it can be said that iPS resemble ES cells and the first can be used as substitutes of the later in cell therapy [67-69]. 







Conclusion







Many problems remain to be solved in order to achieve clinical application level of this technology. The most encouraging method is the forced gene expression. The major part of the research efforts are focused in this topic. The main problem when viral vectors are used is that they are capable of activating oncogenic pathways, and non-integrative methods are not able to give efficient results yet. 







The search of economically and ethically feasible solutions for global biomedical problems related to tissue regeneration is the main concept that incites research groups’ efforts all over the world. 







Diverse techniques are being explored and encouraging results are being generated. Based on them, the investigations should be reoriented. Forced expression of defined genes and synthetic molecules are maybe the most potential methods, but it is necessary to get out the box and see the problem from a different point of view. 







There is a lot of work pending; further investigation is needed in order to unravel the molecular and cellular mechanisms of stem cell pluripotency, as better understanding of the internal cell profile rearrangement may answer many unsolved questions and lead researchers to explore or not, paths that could improve iPS cells generation. 







This technique enables the creation of patient specific stem cells lines to study different disease mechanisms; it would increase the efficiency in drug discovery; it is a valuable tool for toxicology testing providers and it may provide customized patient specific screening and tissue regeneration therapies both possible and economically feasible.







Scientists are in front of a very challenging and awaited therapeutic solution. Surely, all the summarized efforts will give a clinical application that will change the way medicine treats diseases.
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TSA:   	Trichostatin A
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