
Pluripotent Stem Cells
Edited by Deepa Bhartiya and Nibedita Lenka

Edited by Deepa Bhartiya and Nibedita Lenka

Stem cells have generated a lot of excitement among the researchers, clinicians and 
the public alike.  Various types of stem cells are being evaluated for their regenerative 

potential. Marginal benefit resulting by transplanting autologus stem cells (deemed 
to be absolutely safe) in various clinical conditions has been proposed to be a growth 
factor effect rather than true regeneration. In contrast, various pre-clinical studies 

have been undertaken, using differentiated cells from embryonic stem cells or induced 
pluripotent stem cells have shown promise, functional improvement and no signs of 
teratoma formation. The scientists are not in a rush to reach the clinic but a handful 
of clinical studies have shown promise. This book is a collection of studies/reviews, 
beginning with an introduction to the pluripotent stem cells and covering various 

aspects like derivation, differentiation, ethics, etc., and hence would provide insight 
into the recent standing on the pluripotent stem cells biology. The chapters have been 

categorized into three sections, covering subjects ranging from the generation of 
pluripotent stem cells and various means of their derivation from embryonic as well 

as adult tissues, the mechanistic understanding of pluripotency and narrating the 
potential therapeutic implications of these in vitro generated cells in various diseases, 

in addition to the associated pros and cons in the same.
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Preface

Pluripotency is basically defined as the potential to give rise to all three germ layer deriva‐
tives reflecting to 200 odd cell types present in the body, and except the extra-embryonic cell
types. It could be either (i) inherent as seen in case of embryonic stem (ES) cells derived
from the inner cell mass of blastocyst stage embryo, embryonic/primordial germ (EG/PG)
cells derived from developing gonads, embronal carcinoma (EC) cells or (ii) acquired. The
latter category includes the cells from adult tissues reprogrammed to attain the pluripotent
state and functioning similar to ES cells. This could be achieved either by somatic cell nucle‐
ar transfer (SCNT) or by incorporating a set of transcription factors specific to ES cells into
somatic cells and their transient activation leading to induction of pluripotency in them, the
latter being designated as induced pluruipotent stem cells (iPSCs) pioneered by Dr. Shinya
Yamanaka (the recipient of Nobel Prize in Physiology / Medicine for the year 2012 along
with Sir Dr. John Gordon, the father of reprogramming phenomenon).

Undoubtedly the recent progress in Stem Cells research field has opened up a wider horizon
with various interesting avenues for explorations in basic Biology and Development and on
successful broad spectral implication of stem cells in cell replacement therapy, gene therapy,
live stock improvement and tissue engineering as well as in pharmaceutical industries.
However, a priori requirement is to have the mechanistic understanding and address the
safety vs. the efficacy issue including the ethical concerns. In an effort in this line, the book,
“Pluripotent Stem Cells” is a compendium addressing the aforesaid aspects. Indeed wide
gamut of topics has been covered in the book under various sections with contributions
from experts in the stated field concerning diverse aspects of pluripotent stem cells. We
hope that the book would add up to the existing knowledge on pluripotent stem cells.

Dr. Deepa Bhartiya
National Institute for Research in Reproductive Health (NIRRH),

India

Dr. Nibedita Lenka
National Centre for Cell Science,

Pune University Campus,
Ganeshkhind, Pune, India
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Chapter 1

An Overview of Pluripotent Stem Cells

Deepa Bhartiya, Punam Nagvenkar,
Kalpana Sriraman and Ambreen Shaikh

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55130

1. Introduction

This book is entitled Pluripotent Stem Cells (PSCs) and various contributors have written on
different aspects of the PSCs. But I will fail as an editor of this book if I do not bring to the
reader’s attention the all the sources of PSCs (Figure 1).

Figure 1. Potential sources for pluripotent stem cells

Professor Thomson and Prof Gearhart published landmark papers in 1998 wherein they
published derivation of PSCs from inner cell mass of spare human blastocyst [1] and from
early fetal germ cells [2] respectively. Recently Professor Yamanaka was awarded the Nobel
prize for medicine for establishing protocols to reprogram somatic cells to embryonic state
with the help of 4 factors [3, 4]. Besides this there are several papers which have reported
derivation of ES-like colonies from adult testicular biopsies in both mice [5, 6] and men [7-10].
Similarly Gong et al [11] reported ES-like culture using ovarian tissue. There is a huge body

© 2013 Bhartiya et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Bhartiya et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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of literature suggesting that mesenchymal stem cells (MSCs) have pluripotent characteristics
and can transdifferentiate [12]. We have recently published that adult gonads [13, 14] umbilical
cord blood/tissue, bone marrow [15] etc. harbor a sub-population of similar kind of pluripotent
stem cells termed very small embryonic-like stem cells (VSELs). We also developed a case for
VSELs which may be resulting in ES-like colonies rather than de-differentiation of spermato‐
gonial stem cells into pluripotent state [16]. Moreover, the VSELs have confused the field of
MSCs, since they are always present as a sub-population amongst MSCs but have remained
unnoticed and the pluripotent properties were conferred incorrectly on to the MSCs. VSELs
are not widely accepted at present, but have been shown to have promising application
towards regenerative medicine.

Thus the aim of the present chapter is to update the readers with the recent advances with
embryonic stem cells, induced pluripotent stem cells and VSELs which have been implicated
with maximum potential for use in cell-based therapies.

2. Embryonic stem cells

Embryonic stem (ES) cells, as the name suggests, are derived from embryos, more specifically
from the inner cell mass (ICM) of the blastocyst. ES cells are characterized by two hallmark
properties viz., self-renewal - ability to proliferate indefinitely and pluripotency - capacity to
give rise to cells of all the three embryonic germ lineages such as ectoderm, mesoderm and
endoderm. They possess a high nucleo-cytoplasmic ratio and telomerase activity. ES cells
display high activity of endogenous alkaline phosphatase and express several nuclear and cell-
surface markers of pluripotency. They tend to cluster together when cultured in suspension
on a non-adherent surface to form 3D aggregates known as embryoid bodies that may be
simple or cystic. Moreover, they produce teratomas on injection in immune deficient (SCID)
mice, are clonogenic and are capable of producing chimeras when injected into blastocysts in
the mouse model.

3. Mouse ES cells

ES cells were first derived from ICM of mouse blastocyst stage embryos [17, 18]. Besides ICM
of blastocyst mouse ES (mES) cells have also been derived from cleavage stage embryos and
even from biopsied individual blastomeres of two- to eight-cell stage embryos [19- 21]. In
general, mES cells can be cultured on a layer of mitotically inactive mouse embryonic fibro‐
blasts (MEF) in the presence of serum and leukaemia inhibitory factor (LIF). The cytokine LIF
sustains the self-renewing and pluripotency features of mES cells. LIF, a soluble glycoprotein
of interleukin (IL)-6 family of cytokines acts via binding to heterodimers of the LIF-receptor
and the signal transducer gp130 resulting in activation of STAT3 signaling [22-24]. In absence
of serum, LIF is incapable of maintaining pluripotency of mES cells; however, in combination
with bone morphogenetic protein-4 (BMP4) prevents differentiation of mES cells [25]. BMP4

Pluripotent Stem Cells4

induces expression of Id (Inhibitor of differentiation) genes via the Smad pathway. Overex‐
pression of Id indeed allows proliferation of mES cells in the presence of LIF and without need
of BMP4 or serum.

4. Human ES cells

A breakthrough occurred with the derivation of human ES (hES) cells in 1998 [1]. Since the
first report on derivation of hES cell lines at least 1071 hES cell lines have been derived
worldwide [26]. Besides spare human blastocysts, hES cell lines have also been derived from
morula stage embryos [27], abnormally developing and arrested embryos [28], single blasto‐
meres of 8-cell stage embryos [29] and 4-cell stage embryos [30, 31]. Mitotically inactivated
feeder cells and serum containing medium along with basic fibroblast growth factor (bFGF)
are generally used to maintain hES cells. LIF and its related cytokines fail to support hES cells
in serum-containing media that supports mES cells despite the existence of a functional LIF/
STAT3 signaling pathway in hES cells [1, 32, 33]. In contrast to mES cells, FGF and TGF/Activin/
Nodal signaling are essential for the self-renewal of hES cells [34]. Although, elements of the
BMP pathway exist in hES cells [35], but unlike mES cells, BMPs added to hES cells in
conditions that would otherwise support self-renewal, cause rapid differentiation [36]. Recent
studies have revealed multiple interactions between the FGF, TGFβ, and BMP pathways in
hES cells. Activin induces bFGF expression [37], and bFGF induces Tgfβ1/TGFβ1 and Grem1/
GREM1 (a BMP antagonist) expression and inhibits Bmp4/BMP4 expression in both fibroblast
feeders and in hES cells [38].

Although similar in their characteristics such as expression of Oct-4, Nanog, alkaline phos‐
phatase activity, formation of embryoid bodies, teratoma formation, some potential differences
exist between mES cells and hES cells. In contrast to mES cells which show expression of
SSEA-1, hES cells express SSEA-3/4, TRA-1-60/81. Further, the average population doubling
time for hES cells is longer compared to mES cells (30-35 hr vs. 12-15 hr).

5. In vitro culture and differentiation of hES cells

Although hES cell lines were first derived on MEF feeder layers, continuous efforts towards
developing xeno-free culture system has resulted in establishment of human feeders derived
from fallopian tube epithelium [39], fetal foreskin, muscle [40, 41], or amniotic epithelium [42].
Attempts have been made to derive new hES cell lines in more defined conditions including
serum-free or feeder-free conditions in the presence of extracellular matrices such as matrigel
and fibronectin [43-45]. Crook et al [46] derived six clinical-grade hES cell lines using GMP-
grade human feeder grown in a medium with GMP-quality FBS and propagated the cell lines
using a GMP formulation of Knockout Serum Replacement (KO-SR). Although not xeno-free,
the cell lines meet clinical quality. Sidhu et al [47] reported the derivation of hES cell line in
culture using human-derived collagen coated plates and KO-SR to maintain human feeder
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fibroblasts. A fully defined xeno-free medium (RegES), capable of supporting the expansion
of hES cell lines, induced pluripotent stem (iPS) cells and adipose stem cells has been described
[48]. Recently, Wang et al [49] have developed a xeno-free and feeder-cell-free culture system
for propagating hES cells and hiPS cells using human plasma and human placenta extracts.

Human ES cells have the ability to form 200 odd cell types in our body. Essentially, ES cells
can be differentiated spontaneously by embryoid body formation or by directed differentiation
using a cocktail of growth factors. Several growth factors have been shown to direct differen‐
tiation of ES cells namely activin-A and transforming growth factor (TGF-β1) mainly induce
mesodermal cells; retinoic acid (RA), epidermal growth factor (EGF), BMP-4, and bFGF
activate ectodermal and mesodermal cells; β nerve growth factor (NGF) and hepatocyte
growth factor (HGF) differentiate all three embryonic germ layers [50-53]. Directed differen‐
tiation is a more controlled process involving stage specific sequential addition of growth
inducers and inhibitors which are known to effect key pathways. For e.g. activin A and BMP4
are two such growth factors which have been used widely for cardiogenic differentiation.
Various studies have shown that hES cells can be differentiated into neuronal [54], hemato‐
poietic [55], endothelial [56], muscle [57], cardiac [58, 59] pancreatic [60, 61], hepatic [62]
lineages. Although hES stem cell lines are similar with respect to self-renewal and expression
of pluripotency markers, published literature however suggests that they exhibit differences
in their differentiation ability under identical culture conditions [63, 64].

6. Potential use of ES cells

The remarkable features of hES cells has served as an important breakthrough for basic
research and has great potential for regenerative medicine. ES cells may act as key research
tools for understanding the complex events that occur during embryonic development which
may explain the causes of birth defects. They are ideal candidates for studying apoptosis in
early stage of embryo, mechanism of differentiation, mutagenesis, immune rejection and
aging. Human ES cells and their derivatives may be used for testing therapeutic drug efficacy
and toxicity. They also have wide applications in tissue engineering. Following their culture
on polymer scaffold, it has been reported to coax stem cells to form tissues with characteristics
of developing human cartilage, liver, neurons and blood vessels.

Despite being associated with the risk of inducing teratomas and immune rejection, the vital
potential application of hES cells is the generation of cells and tissues that could be used for
cell-based therapies. Human ES cells directed to differentiate into specific cell types offer the
possibility of a renewable source of replacement cells and tissues to treat a myriad of diseases
and disabilities including Parkinson’s and Alzheimer’s diseases, spinal cord injury, burns,
heart failure and diabetes etc. The first FDA-approved phase-1 clinical trial for safety began
with Geron’s (Menlo Park, CA, USA) GRNOPC1 derived oligodendrocyte progenitor cells to
treat complete thoracic-level spinal cord injury [65]. The trial was initially stalled for occurrence
of microscopic cysts in animal transplants but was later approved [66, 67]. However, in
November 2011 Geron dropped out of stem cell research for financial reasons and said that
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they would continue to monitor existing patients, and were attempting to find a partner that
could continue their research. The recent success of a prospective clinical study of Advanced
Cell Technology (CA and MA, USA) to establish the safety and tolerability of subretinal
transplantation of hES cell-derived retinal pigment epithelium (RPE) in patients with Star‐
gardt’s Macular Dystrophy (SMD) and Dry age-related Macular Degeneration (Dry AMD)
represents an important step towards therapeutic use of hES cells [68]. Although long-term
follow up is essential and eye is an immune-privileged site; it is still encouraging to note that
there are no associated signs of hyperproliferation, tumorigenicity, ectopic tissue formation,
or immune- rejection after 4 months of transplantation.

7. Induced pluripotent stem cells

A major progress in the stem cell field was generation of induced pluripotent stem (iPS) cells
by the reprogramming of somatic cells to an embryonic stem cell state using a cocktail of
transcription factors. In 2006, Takahashi and Yamanaka reprogrammed mouse fibroblasts
through retroviral transduction with 24 candidate genes [3]. The pool of genes was gradually
reduced to four transcription factors, Oct4, Sox2, c-Myc, and Klf4. The results were rapidly
confirmed by various researchers [69-71]. Soon the technology was successfully applied to
generate iPS cells from human fibroblasts [4, 72, 73]. Concurrently, another group identified
Oct4, Sox2, Nanog, and Lin28 to be sufficient to reprogram human cells, with Oct4 and Sox2
appearing essential and the other two factors either strongly (Nanog) or modestly (Lin28)
influencing the efficiency of reprogramming [74].

The different ways for generation of mouse and human iPS cells using various reprogramming
factors has been well summarized by Maherali and Hochedlinger [75] and Kiskinis and Eggan
[76]. The choice of a gene delivery system is a key aspect for generation of iPS cells and has
been very well reviewed by Oh et al [77]. Many researchers have reported use of integrating
viral vectors such as retroviral [4, 73, 78] and lentiviral vectors [74, 79], non-integrating viral
vectors such as adenoviral [80] and Sendaiviral vectors [81], nonviral methods such as plasmid
DNA [82], piggyBac transposons [83, 84], recombinant proteins [85, 86], mRNAs [87] and small
molecules such as valproic acid [88]. Moreover, derivation of iPS cells from patients suffering
from the neurodegenerative disease amyotrophic lateral sclerosis (ALS) [89] as well as patients
with other diseases, including juvenile onset type 1 diabetes mellitus, Parkinson disease (PD)
[90], and spinal muscular atrophy (SMA) [91] has been reported.

8. Advantages and disadvantages of iPS cells

As a potential application in cell based therapy, one of the major advantages of iPS cells is the
avoidance of immune rejection, since they are derived from a patient’s own cells, as well as
ethical issues associated with the use of human embryos. Furthermore, iPS cells are similar to
ES cells in many aspects, including cell morphology, expression of pluripotency markers, long
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telomeres and capability to form embryoid bodies, teratoma, and viable chimeras [92, 93].
Apart from use in cell-based therapy, iPS cells derived from patients with disease can serve as
an effective model to understand the mechanisms of diseases.

However, use of iPS cells have several drawbacks and are mostly related to current reprog‐
ramming methods. Viral vectors employed for gene delivery has led to the integration of
multiple viruses into iPS cell genomes, resulting in tumorigenesis due to genetic abnormalities
in the cells. Moreover, the efficiency of reprogramming of human iPS cells from fibroblasts is
very low, approximately less than 0.02% [94]. The use of Myc gene as a reprogramming factor
and/or the reactivation of a silenced Myc gene might cause iPS cells to become cancer cells [95].

Recently, three studies published in Nature showed that the reprogramming process and the
subsequent culture of iPS cells in vitro can induce genetic and epigenetic abnormalities in these
cells. Gore et al [96] found on an average of five point mutations in each of the iPS cell line
analyzed, with the majority of the mutations being non-synonymous, nonsense or splice
variants, and were enriched in genes mutated or having causative effects in cancers. Hussein
and colleagues [97] showed that copy number variations (CNVs) occurred at a high rate during
the process of reprogramming leading to genetic mosaicism in early-passage iPSCs. Analysis
of the CG methylation patterns by Lister et al [98] identified numerous differentially methy‐
lated CG regions (CG-DMRs) between iPS cells and ES cells. The presence of a core set of CG-
DMRs in every iPS cell line suggests hotspots of failed epigenomic reprogramming. These
studies raise concerns over the implications of such aberrations for future applications of iPS
cells. A much more in-depth research is necessary to understand about the reprogramming
process and the biological consequences of these genomic and epigenomic changes needs to
be investigated.

9. Very small embryonic like stem cells

The ethical and other technical issues concerning the use of ES cells in regenerative medicine
have led to search for alternative stem cells with therapeutic potential. In this regard adult
stem cells can potentially provide a therapeutic alternative to ES or iPS cells. Though adult
stem cells are known to be tissue specific and can only differentiate into cells of their tissues
of origin, nevertheless several studies have reported that adult stem cells can differentiate in
to cells of completely different lineage. The process is termed as adult stem cell plasticity.
Wagers and Weissman proposed few potential mechanisms and explanations for the observed
adult stem cell plasticity [99]. The potential mechanisms include trans-differentiation or de-
differentiation of stem cells, presence of multiple different stem cells in a tissue, presence of
pluripotent stem cells in addition to adult stem cells and cell fusion of stem cell with cell of
different lineage. However, several lines of evidence support existence of pluripotent stem
cells in adult tissues that can differentiate into all three lineages explaining adult plasticity the
best. Many investigators have reported presence of pluripotent stem cells in adult tissues and
were defined either as mesenchymal stem cells (MSCs) [100], multipotent adult progenitor
cells (MAPCs) [101], marrow isolated adult multilineage inducible cells (MIAMI) [102],

Pluripotent Stem Cells8

multipotent adult stem cells (MASCs) [103], very small embryonic like stem cells (VSELs) [104].
Although these cells may represent an overlapping type of stem cells, the most characterized
among these cells to the single cell level is VSELs and they have been isolated and identified
in several adult body organs.

VSELs are defined as epiblast derived stem cells, which are deposited early during organo‐
genesis and may serve as source of tissue commited stem cells. Pluripotent VSELs (Oct4+,
SSEA1+, Sca1+, Lin-, CD45-) were first reported by Ratajczak and group in various adult mice
tissues [105]; highest numbers being in brain, kidneys, muscles, pancreas and bone marrow
[106]. These are diploid cells with high telomerase activity, express other pluripotent (Rex-1,
Nanog, SSEA and Klf-4) and germ cell (Mvh, Stella, Fragilis, Nobox and Hdac-6) markers and
decrease in numbers with age [107]. An important evidence for pluripotency of VSELs is
hypomethylated status of OCT-4 promoter and its association with transcription promoting
histones [108] as well as presence of bivalent domains [109]. Like embryonic stem cells they
do not express MHC class I and HLA-DR antigens and are also negative for mesenchymal stem
cell markers like CD90, CD105, CD29. They are very small in size (3-5 um in mice), have a large
nucleo-cytoplasmic ratio, and open chromatin structure for OCT-4 and Nanog promoter [107].
OCT-4 expression at mRNA and protein level in VSELs has been confirmed using sequence
specific primers. VSELs have the ability to differentiate into three germ layers in vitro, however
unlike ES cells, VSELs neither complement during blastocyst development nor form teratomas
in immuno-deficient mice [110]. Attempts have been made to propagate them on feeder layers,
but they do not self-renew as easily as the established embryonic stem cell lines possibly
because of altered methylation status of some developmentally crucial genes. Similar VSELs
have also been isolated from human umbilical cord blood, mobilized peripheral blood, and
adult bone marrow by flow cytometry as CD133+, lin-, CD45- [104] and also by differential
centrifugation method [15, 111].

VSELs are descendants of epiblast stage pluripotent stem cells. They get deposited in various
body organs including the gonads in early stages of development, as a quiescent stem cell
population which possibly serves as a back up to the tissue committed stem cells (TCSCs) [112].
These two populations of stem cells (VSELs and TCSCs) together are responsible in bringing
about tissue renewal, homeostasis and regeneration after injury throughout life and decrease
in number with age. The co-existence of two stem cell populations (the more primitive being
quiescent and the progenitor being more rapidly dividing) has been recently proposed [113,
114]. VSELs are the DNA label-retaining (e.g. BrdU), quiescent stem cells with lower metabolic
state whereas the tissue committed stem cells actively divide and do not retain DNA label over
time. They are highly mobile, respond to the SDF-1 gradient and enter into circulation in case
of any injury to bring about regeneration and homeostasis. They are also considered as a
missing link to support the germ-line hypothesis of cancer development [115, 116].

VSELs in Umbilical Cord Blood (UCB): A population of human cells similar to murine bone
marrow derived VSELs was first reported by Kucia et al in umbilical cord blood [117]. These
UCB derived VSELs (Lin-/CD45-/CD133+) ranged between 6-8 um in size, possess large nuclei
and express nuclear embryonic transcription factors OCT-4, Nanog and cell surface SSEA-4.
The strategy of isolation of VSELs from cord blood is hampered by their small size as they get
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discarded along with debris. Recently our studies reported that VSELs settle along with RBCs
and are not enriched in interphase layer of MNCs obtained after ficoll separation of cord blood
[15].These VSELs expressed pluripotent markers OCT-4,primitive marker CD133 along with
primordial germ cell marker stella and fragilis indicating their epiblast origin. Our studies
have also shown the presence of VSELs in the discarded fractions of bone marrow and cord
blood obtained after processing [15].

VSELs in adult mammalian gonads: Initial studies by Ratajczak group have shown that mouse
testis harbor VSELs [106]. Our group has identified presence of VSELs in testis of human and
mice as well as in ovaries of human, sheep, monkey, rabbit and mice [13]. These VSELs are
localized in the basal layer of cells adjacent to the basement membrane in seminiferous tubules
[13] and were found interspersed with the ovarian surface epithelial cells [14]. The main
approach in identifying the VSELs in adult mammalian gonads involves studying differential
expression of a pluripotent marker OCT-4. OCT-4 is an octamer binding transcription factor
required for maintaining pluripotency of cell. Published literature on OCT-4 in somatic stem
cells has confused stem cell researchers [118-120] because of the presence of several pseudo‐
genes and alternatively spliced transcripts [118, 121]. Thus a careful designing of primers for
RT-PCR analysis and proper selection of antibodies becomes essential to detect specific
transcripts. Also a careful selection of OCT-4 antibodies is essential to detect pluripotent stem
cells [119]. We used a polyclonal OCT-4 antibody that enabled the simultaneous identification
of VSELs with nuclear OCT-4 and tissue committed stem cells with cytoplasmic OCT-4. In
addition, careful selection of primers for OCT-4A and total OCT-4 for Q-PCR studies has
helped us generate interesting results [13-15, 122].

VSELs in Testis: We have documented that adult human testis harbors a population of
pluripotent VSELs (with nuclear OCT-4A) which are more primitive to Adark Spermatogonial
Stem Cell (SSC) (with cytoplasmic OCT-4B). The VSELs possibly give rise to Adark SSCs, which
in turn undergo clonal expansion as evident by the presence of cytoplasmic bridges between
the rapidly dividing cells [13]. OCT-4 is not immuno-localized in more differentiated male
germ cells. Based on this study a new hierarchy of testicular cells was proposed with all
testicular cells originating from VSELs and not from SSCs as generally believed. Similarly
presence of VSELs distinct from SSCs was also identified in mouse testicular tissue.

VSELs in Ovaries: The long- held dogma in female biology is that women and other mammalian
females are born with fixed and non-renewing pool of germ cells, which are enclosed in
structures called follicles. Their number decrease with age due to ovulation or atresia and their
exhaustion lead to menopause. However in last 8 years several investigators with access to
modern molecular techniques have convincingly demonstrated that adult mammalian ovaries
harbor stem cells and undergo postnatal oogeneisis and thus have challenged the central
dogma. Presence of PSCs in adult ovary has been demonstrated by many groups [11, 14, 123,
124]. Our group has identified two distinct types of stem cells in ovarian surface epithelium
(OSE) of human and other mammalian species [14, 122]. The two stem cells are VSELs that
express OCT-4 in nucleus, which are pluripotent and slightly larger progenitor committed cells
(termed Ovarian Germ Stem Cells-OGSCs) that express OCT-4 cytoplasmically. This is very
similar to reported presence of VSELs and Spermatogonial stem cells in adult mammalian
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testis as mentioned earlier. We have recently reviewed various publications on ovarian stem
cells and explained the results in the context of VSEL biology [122]. Readers are encouraged
to read the review for more details.

Based on our studies in ovarian stem cells and other literature, we have proposed a model for
oogenesis and follicular assembly in adult mammalian ovaries [122]. According to the model,
VSELs with nuclear Oct-4 that are located in the OSE undergo asymmetric cell division and
give rise to cells with cytoplasmic Oct-4 (OGSCs, which intensely stain with Haematoxylin).
The OGSCs undergo further proliferation, meiosis and differentiation to assemble into
primordial follicles in the OSE. The granulosa cells are formed by the epithelial cells through
epithelial mesenchymal transition. As the follicles grow and further mature they shift into the
ovarian medulla.

10. Clinical potential of VSELs

The clinical potential of VSELs, isolated from cord blood or bone marrow by flow cytometry, is
just beginning to emerge. In various disease models like myocardial infarct [125, 126], stroke [127],
skin burn injury [128], neural regeneration [129] etc. these cells get mobilized into circulation
within 24 hours. For myocardial regeneration, the VSELs are very efficient to improve LV ejection
fraction and attenuation of myocardial hypertrophy [126]. As they become scarce with age,
regeneration becomes inefficient resulting in age-related disease manifestations.

The identification of VSELs in gonads has far reaching implications in reproductive health
issues. Understanding the biology of VSELs in gonads may help explain the mechanisms of
different pathologies of gonads and may pave for new treatments for infertility. However,
application of VSELs to improve reproductive health needs to be researched and established.
We have recently studied the differential effect of busulphan on the relatively quiescent VSELs
versus rapidly dividing germ cells in adult mice gonads (unpublished results). The VSELs
were found to be resistant to the treatment, however were unable to differentiate probably due
to the altered niche of VSELs due to treatment. Ratajczak group recently reported that VSELs
in mouse bone marrow are resistant to total body irradiation [130]. They observed that there
was increase in proliferation of VSELs post treatment, although were unable to reconstitute
the bone marrow. These studies open up newer and exciting avenues for fertility preservation
in cancer survivors who are rendered infertile by various cancer treatments.

11. Advantages of VSELs over ES cells

VSELs can be derived easily from autologus source and do not form teratoma easily [131].
Thus both the major concerns associated with ES cells of immune-rejection and risk of teratoma
formation is taken care of.
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12. Advantages of VSELs over iPS cells

There is no need for reprogramming somatic cells (which may harbor mutations) to embryonic
state when pluripotent ES-like stem cells can be harvested from adult tissues. They may also
be superior to iPS cells since they are derived from a very quiescent stem cell population and
are thus ‘young’ cells with long telomeres that could be isolated from an aged body, in contrast
to iPS cells which are derived from terminally differentiated somatic skin fibroblasts (with
shortened telomeres) that tend to accumulate DNA mutations over time. In addition, VSELs
do not have epigenetic issues associated with iPS cells. Unlike iPS cells, there is no requirement
of viral vectors and hence risk of transformation of VSELs into cancer cells is avoided.

13. Future perspectives

Embryonic stem cells are considered to be ‘magic bullets’ having a great potential for cell-based
therapy, however future clinical use of ES cells are still plagued by ethical issues. Hence there
is urgent need to expand research in derivation and culture of pluripotent stem cells from
alternate sources. Induced pluripotent stem cells though believed to be ideal candidates need
to be exploited further to realize their clinical potential. Considering the potential advantages
of VSELs over ES and iPS cells, the need for research to harness potentials of VSELs is high.
Currently the availability of large number of VSELs for effective use in clinical applications is
limited. Research is progressing towards expansion of VSELs in culture and is still in nascent
stages. Also, many key questions have to be answered before realizing the full potential of
stem cells.
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1. Introduction

Stem cells are undifferentiated cells defined by their abilities to self-renew and differentiate
into mature cells. Stem cells found in fully developed tissues are defined as adult stem cells.
The function of adult stem cells is the maintenance of adult tissue specificity by homeostatic
cell replacement and tissue regeneration (Wagers and Weissman, 2004). Adult stem cells are
presumed quiescent within adult tissues, but divide infrequently to generate a stem cell
clone and a transiently-amplifying cell. The transiently-amplifying cells will undergo a lim‐
ited number of cell divisions before terminal differentiation into mature functional tissue
cells. The existence of adult stem cells has been reported in multiple organs; these include:
brain, heart, skin, intestine, testis, muscle and blood, among others. This chapter focuses on
four adult stem cell populations: hematopoietic, mesenchymal, periodontal ligament-de‐
rived, and spermatogonial (Table 1).

Hematopoietic stem cells are the most characterized adult stem cell population. They func‐
tion to generate all cell lineages found in mature blood (erythroid, myeloid and lymphoid)
and to sustain blood production during the entire life of an animal (Kondo et al., 2003).
Adult bone marrow, umbilical cord blood and mobilized peripheral blood are sources of
hematopoietic stem cells for transplantation in many blood-related diseases. Hematopoietic
stem cells can be characterized by positive selection of CD34, CD45, and CD133 markers and
negative selection of CD31, CD105 and CD146 markers (Tárnok et al., 2010).

Mesenchymal stem cells, also called marrow stromal cells, are another well-studied adult
stem cell population. Mesenchymal stem cells were originally identified in the bone mar‐
row, but have since been found in other systems such as adipose tissue, umbilical cord and
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menstrual blood (Ding et al., 2011). Mesenchymal stem cells differentiate into osteocytes,
chondrocytes and adipocytes (Arita et al., 2011; Pittenger et al., 1999). Human mesenchymal
stem cells can be characterized by the positive expression of CD29, CD44, CD73, CD90,
CD105, CD146 and STRO-1, and the negative expression of CD31, CD34, CD45, CD49f and
CD133 (Mödder et al., 2012; Tárnok et al., 2010).

Adult stem cells Feasible sources Characterization

Hematopoietic stem cells

Bone marrow, umbilical cord

blood, mobilized peripheral

blood

(+): CD34, CD45, CD133

(-): CD31, CD105, CD146

Mesenchymal stem cells
Bone marrow, adipose tissue,

umbilical cord, menstrual blood

(+): CD29, CD44, CD73, CD90, CD105, CD146,

STRO-1

(-): CD31, CD34, CD45, CD49f, CD133

Periodontal ligament-derived

stem cells
Periodontal ligament

Mesenchymal stem cell markers: CD29, CD44,

CD73, CD90, CD105, CD146, STRO-1

Neural crest cell markers: p75, nestin, Slug,

SOX10

Spermatogonial stem cells Testis (+): CD9, CD49f and GPR125

Table 1. Feasible sources and characterization of adult stem cells

Periodontal  ligament,  derived  from  the  cranial  neural  crest,  is  a  soft  connective  tissue
embedded between the tooth root and the alveolar bone socket,  supporting the teeth in
situ  and preserving tissue homeostasis. The periodontal ligament contains stem cell pop‐
ulations that can differentiate into cementum-forming cells or bone-forming cells (Seo et
al.,  2004).  Periodontal  ligament-derived stem cells  are  heterogeneous,  composed of  mes‐
enchymal  stem cells  and putative  neural  crest  cells.  Therefore,  human periodontal  liga‐
ment-derived  stem  cell  populations  have  been  characterized  not  only  by  mesenchymal
stem cell  markers,  but  also  by  neural  crest  cell  markers,  such  as  p75,  nestin,  Slug  and
SOX10 (Huang et al., 2009; Mrozik et al., 2010).

Testicular spermatogonial stem cells are the germ-line cells for spermatogenesis, an ongoing
process throughout the lifespan of the male animals. They are unipotent in nature and con‐
tinuously generate differentiating daughter cells for subsequent production of spermatozoa
(Fagoonee et al., 2011). Human spermatogonial stem cells can be purified by antibodies
against cell surface markers CD9, CD49f and GPR125 (Conrad et al., 2008).

2. Pluripotent stem cells

Pluripotency refers  to  the  ability  of  cells  to  self-renew and differentiate  into  all  3  germ
layers  (ectoderm, endoderm and mesoderm).  Pluripotent  stem cells  are  the origin of  all
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somatic  and  germ-line  cells  in  the  developing  embryo.  The  first  pluripotent  cells  were
derived  in  1976  from  a  type  of  germ-line  tumor  known  as  a  teratocarcinoma  (Hogan,
1976).  Embryonic  stem  cells,  derived  from  the  inner  cell  mass  of  a  blastocyst  prior  to
gastrulation,  are  still  considered  the  gold  standard  for  pluripotent  stem  cells.  Even
though adult  cells  are  terminally differentiated,  pluripotency has also been conferred to
these cells in past studies, by the technique of somatic cell nuclear transfer (Perry, 2005),
parthenogenesis of unfertilized eggs (Brevini et al., 2008), and reprogramming by cell fu‐
sion (Pralong et al., 2006). Research into adult cell pluripotency was slow to progress un‐
til  a  major  breakthrough in 2006 brought  with it  the  technique of  “induced pluripotent
stem cells”. In this process adult skin fibroblasts were induced into a pluripotent state by
the forced expression of key transcription factors (OCT4, SOX2, KLF4 and c-MYC; Taka‐
hashi et al., 2007) or (OCT4, SOX2, NANOG and LIN28; Yu et al., 2007). Despite the low
reprogramming efficiency, this has become a convenient method for generating new plu‐
ripotent stem cell lines for research from differentiated adult cells.

Adult  stem  cells  are  thought  to  be  tissue-specific  and  only  able  to  differentiate  into
progeny  cells  of  their  tissues  of  origin.  An  increasing  number  of  studies,  however,  re‐
port  that  adult  stem cells  are  capable  of  giving rise  to  cells  of  an entirely  distinct  line‐
age.  The  concept  of  adult  stem  cell  plasticity  might  be  explained  by  5  potential
mechanisms:  cell  fusion,  trans-differentiation,  de-differentiation,  heterogeneous  stem cell
populations,  or  pluripotency  (Wagers  and Weissman,  2004).  Cell-cell  fusion  occurs  at  a
low  frequency,  but  is  implicated  in  the  transplantation  of  bone  marrow  cells  to  liver
hepatocytes,  cardiomyocytes  and Purkinje  neurons  (Alvarez-Dolado et  al.,  2003).  In  cell
fusion  events,  the  stem  cells  acquire  the  mature  phenotype  of  the  tissue  they  are  em‐
bedded  within  and  can  be  easily  mistaken  for  correct  differentiation  of  the  transplant‐
ed  cells.  Trans-differentiation  is  a  direct  lineage  conversion  by  the  activation  of  a
dormant  differentiation  program  to  alter  the  lineage  specificity  of  the  cell.  De-differen‐
tiation is  another lineage conversion phenomenon in which a tissue-specific  cell  sponta‐
neously  de-differentiates  into  a  more  basal  multipotent  cell  and  re-differentiates  to  a
new  lineage.  While  the  heterogeneity  of  the  stem  cell  population  employed  can  ac‐
count  for  some  of  the  apparent  trans-differentiation  and  de-differentiation  events  ob‐
served in  vivo,  it  is  worth  discussing  as  a  separate  factor  in  the  resulting  multi-lineage
tissues,  which  are  often  seen  after  transplantation.  The  characterization  of  homogene‐
ous  stem  cell  populations  that  contribute  to  the  regeneration  of  one  cell  type  remains
an  active  field  of  study  for  most  cellular  therapy  applications.  Lastly,  pluripotent  stem
cells  are  present  in  adult  tissues  as  minute  sub-populations  in  certain  stem cell  niches.
Such  a  population  has  already  been  identified  and  reported  in  bone  marrow  derived
mesenchymal  stem cells  (Jiang  et  al.,  2002).  In  addition,  pluripotent  stem cells  in  adult
tissues  can  also  arise  from  remnants  of  the  migrating  neural  crest.  The  neural  crest  is
a  transient  embryonic  structure  that  affords  various  organs  with  cells  which  could  un‐
dergo  a  more  stochastic  type  of  differentiation  than  other  embryonic  progenitor  cells
(Slack,  2008).  Neural  crest  cells  are  pluripotent  and may retain  some of  their  character‐
istics  after  their  migration and engraftment into their  terminal  sites.
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3. Isolation of pluripotent adult stem cells

The expression of embryonic stem cell markers in some adult stem cells suggest a sub-popu‐
lation of pluripotent cells in these niches (Table 2). The common embryonic stem cell mak‐
ers, such as OCT4, SOX2, NANOG, KLF4, LIN28, SSEA-1, SSEA-3, SSEA-4, TRA-1-60 and
TRA-1-81, are all expressed in hematopoietic stem cells (Wang et al., 2010; Zhao et al., 2006;
Zulli et al., 2008) and mesenchymal stem cells (Anjos-Afonso and Bonnet, 2007; Jaramillo-
Ferrada et al., 2012; Riekstina et al., 2009; Sung et al., 2010). Similarly, expressions of most of
these markers, except for LIN28, have been reported in periodontal ligament-derived stem
cells, a tissue arising from the migrating cranial neural crest (Huang et al., 2009; Kawanabe
et al., 2010). Previous studies show that spermatogonial stem cells also express most of the
embryonic stem cell markers, except SSEA-3 and TRA-1-60 (Izadyar et al., 2008; Izadyar et
al., 2011; Kanatsu-Shinohara et al., 2008; Panda et al., 2011; Zheng et al., 2009). These find‐
ings suggest that pluripotent stem cells exist as sub-populations in adult stem cell reservoirs.

Embryonic stem cell marker HSC MSC PDLSC SSC

SOX2 + + + +

OCT4 + + + +

NANOG + + + +

KLF4 + + + +

LIN28 + + +

SSEA-1 + + + +

SSEA-3 + + +

SSEA-4 + + + +

TRA-1-60 + + +

TRA-1-81 + + + +

HSC: hematopoietic stem cells; MSC: mesenchymal stem cells; PDLSC; periodontal ligament-derived stem cells; SSC:
spermatogonial stem cells;

Table 2. Embryonic stem cell marker expression in different adult stem cell populations

The existence of cells with a defined pluripotency-associated phenotypic expression with‐
in  adult  tissues enables  researchers  to  isolate  and purify a  homogeneous subpopulation
of  adult  pluripotent  stem  cells.  In  fact,  with  the  use  of  magnetic  affinity  cell  sorting,
adult  human mesenchymal  stem cells,  shown to  differentiate  into  endodermal,  ectoder‐
mal  and  mesodermal  cells,  were  isolated  by  antibody  against  SSEA-3  (Kuroda  et  al.,
2010).  Similarly,  stem  cells  exhibiting  the  potential  to  generate  specialized  cells  of  the
three embryonic germ layers can be isolated by positive SSEA-4 expression from human
periodontal  ligament (Kawanabe et  al.,  2010).  Furthermore,  human spermatogonial  stem
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cells,  sharing  cellular  and  molecular  similarities  with  human embryonic  stem cells,  can
be  purified  by  α6  integrin  (CD49f)  antibody  (Conrad  et  al.,  2008).  Moreover,  a  human
hematopoietic stem cell subpopulation, highly efficient in generating long-term multi-lin‐
eage grafts, can also be isolated by the same α6 integrin expression (Notta et al., 2011). In
addition, stem cells from granulocyte colony-stimulating factor-mobilized human periph‐
eral blood can divide indefinitely without reaching replicative senescence and differenti‐
ate into multiple lineages (Cesselli et al., 2009).

Recently, a cell surfaceome map of mouse embryonic stem cells and induced pluripotent
stem cells was reported (Gundry et al., 2012). Previously unidentified cellular surface mark‐
ers, such as CD31, CD49f, CD123 and CD326, indicated a purified population of pluripotent
stem cells. Further analyses should be performed to determine the expression of these mark‐
ers in different adult stem cell populations. Their presence in adult stem cell populations
could facilitate the purification of homogeneous pluripotent stem cells within an otherwise
heterogeneous pool of regenerative adult cells.

4. Characterization of pluripotent adult stem cells

The standard tests  for  pluripotency are  teratoma and chimera formation assays.  Terato‐
mas  can  be  formed when pluripotent  stem cells  are  injected  into  immunodeficient  ani‐
mals;  they  consist  of  foci  with  derivatives  of  ectodermal,  mesodermal  and  endodermal
embryonic germs layers (Wobus et  al.,  1984).  Chimeras can be generated when pluripo‐
tent stem cells  are microinjected into mouse blastocysts and are induced to differentiate
into multiple cell types during normal developmental processes (Becker et al., 1984). Ter‐
atoma  formation  assays  can  be  used  to  test  for  the  pluripotency  of  human  stem  cells,
whereas  both  teratoma  and  chimera  formation  can  test  for  the  pluripotency  of  mouse
stem cells.  Spermatogonial  stem cells  isolated from human testis  by positive  expression
of  CD49f  are  able  to  form teratomas when injected into  immunodeficient  mice  (Conrad
et  al.,  2008).  Mesenchymal  stem  cells  isolated  from  murine  bone  marrow  contribute  to
most of the somatic cell types (chimerism ranged between 0.1% and 45%) when they are
singly injected into an early mouse blastocyst (Jiang et al., 2002). Moreover, human hem‐
atopoietic stem cells isolated by CD49f cell  surface marker display multi-lineage chimer‐
ism  when  transplanted  into  the  NOD-scid-IL2Rgc-/-  mice  (Notta  et  al.,  2011).  However,
human  bone  marrow-derived  mesenchymal  stem  cells  purified  by  the  SSEA-3  cell  sur‐
face  marker  do not  form teratomas in  immunodeficient  mouse  testes  even though cells
positive  for  human ectodermal,  endodermal  and mesodermal  lineage  markers  were  de‐
tected within the injected mouse testes (Kuroda et al., 2010). Conversely, pluripotency as‐
says  of  human  periodontal  ligament-derived  stem  cells  isolated  by  SSEA-4  cell  surface
marker expression have not yet been reported (Kawanabe et al., 2010).

Although most of the adult stem cells are unable to form teratomas in immunodeficient
mice, can they still be defined as pluripotent stem cells? Considering this apparent inability
as well as the variability in teratoma formation efficiency even when using a known pluripo‐
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3. Isolation of pluripotent adult stem cells
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spermatogonial stem cells;

Table 2. Embryonic stem cell marker expression in different adult stem cell populations

The existence of cells with a defined pluripotency-associated phenotypic expression with‐
in  adult  tissues enables  researchers  to  isolate  and purify a  homogeneous subpopulation
of  adult  pluripotent  stem  cells.  In  fact,  with  the  use  of  magnetic  affinity  cell  sorting,
adult  human mesenchymal  stem cells,  shown to  differentiate  into  endodermal,  ectoder‐
mal  and  mesodermal  cells,  were  isolated  by  antibody  against  SSEA-3  (Kuroda  et  al.,
2010).  Similarly,  stem  cells  exhibiting  the  potential  to  generate  specialized  cells  of  the
three embryonic germ layers can be isolated by positive SSEA-4 expression from human
periodontal  ligament (Kawanabe et  al.,  2010).  Furthermore,  human spermatogonial  stem
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cells,  sharing  cellular  and  molecular  similarities  with  human embryonic  stem cells,  can
be  purified  by  α6  integrin  (CD49f)  antibody  (Conrad  et  al.,  2008).  Moreover,  a  human
hematopoietic stem cell subpopulation, highly efficient in generating long-term multi-lin‐
eage grafts, can also be isolated by the same α6 integrin expression (Notta et al., 2011). In
addition, stem cells from granulocyte colony-stimulating factor-mobilized human periph‐
eral blood can divide indefinitely without reaching replicative senescence and differenti‐
ate into multiple lineages (Cesselli et al., 2009).

Recently, a cell surfaceome map of mouse embryonic stem cells and induced pluripotent
stem cells was reported (Gundry et al., 2012). Previously unidentified cellular surface mark‐
ers, such as CD31, CD49f, CD123 and CD326, indicated a purified population of pluripotent
stem cells. Further analyses should be performed to determine the expression of these mark‐
ers in different adult stem cell populations. Their presence in adult stem cell populations
could facilitate the purification of homogeneous pluripotent stem cells within an otherwise
heterogeneous pool of regenerative adult cells.

4. Characterization of pluripotent adult stem cells

The standard tests  for  pluripotency are  teratoma and chimera formation assays.  Terato‐
mas  can  be  formed when pluripotent  stem cells  are  injected  into  immunodeficient  ani‐
mals;  they  consist  of  foci  with  derivatives  of  ectodermal,  mesodermal  and  endodermal
embryonic germs layers (Wobus et  al.,  1984).  Chimeras can be generated when pluripo‐
tent stem cells  are microinjected into mouse blastocysts and are induced to differentiate
into multiple cell types during normal developmental processes (Becker et al., 1984). Ter‐
atoma  formation  assays  can  be  used  to  test  for  the  pluripotency  of  human  stem  cells,
whereas  both  teratoma  and  chimera  formation  can  test  for  the  pluripotency  of  mouse
stem cells.  Spermatogonial  stem cells  isolated from human testis  by positive  expression
of  CD49f  are  able  to  form teratomas when injected into  immunodeficient  mice  (Conrad
et  al.,  2008).  Mesenchymal  stem  cells  isolated  from  murine  bone  marrow  contribute  to
most of the somatic cell types (chimerism ranged between 0.1% and 45%) when they are
singly injected into an early mouse blastocyst (Jiang et al., 2002). Moreover, human hem‐
atopoietic stem cells isolated by CD49f cell  surface marker display multi-lineage chimer‐
ism  when  transplanted  into  the  NOD-scid-IL2Rgc-/-  mice  (Notta  et  al.,  2011).  However,
human  bone  marrow-derived  mesenchymal  stem  cells  purified  by  the  SSEA-3  cell  sur‐
face  marker  do not  form teratomas in  immunodeficient  mouse  testes  even though cells
positive  for  human ectodermal,  endodermal  and mesodermal  lineage  markers  were  de‐
tected within the injected mouse testes (Kuroda et al., 2010). Conversely, pluripotency as‐
says  of  human  periodontal  ligament-derived  stem  cells  isolated  by  SSEA-4  cell  surface
marker expression have not yet been reported (Kawanabe et al., 2010).

Although most of the adult stem cells are unable to form teratomas in immunodeficient
mice, can they still be defined as pluripotent stem cells? Considering this apparent inability
as well as the variability in teratoma formation efficiency even when using a known pluripo‐
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tent stem cell line, a teratoma assay might not be a suitable assay for pluripotency of adult
stem cells. Instead, in vitro and in vivo differentiation into cells of the 3 embryonic germ lay‐
ers along with chimera formation in xeno-transplanted mice can be applied for testing adult
stem cell potency. The conventional concept of development involves a hierarchical struc‐
ture of cellular commitment extending outward from embryonic and pluripotent, to adult
terminally differentiated tissues. However, recent ideas propose that all or most tissues in
the postnatal body are continuously turning over and contain a pluripotent stem cell reser‐
voir (Slack, 2008). These pluripotent stem cell populations are able to differentiate into mul‐
tiple cell types depending on their microenvironmental cues. Therefore, the stem cell status
should be defined by plasticity (Zipori, 2005). Pluripotency refers to the ability of cells to dif‐
ferentiate into any cell type of the 3 germ layers (ectoderm, endoderm and mesoderm),
whereas multipotency refers to the ability of cells to differentiate only into a closely related
family of cells (Ilic and Polak, 2011). All of the previously described adult stem cells (hema‐
topoietic, mesenchymal, periodontal ligament-derived, and spermatogonial) could differen‐
tiate into specialized cells of the three germ layers: neurons (ectodermal lineage), adipocytes,
cardiomyocytes, osteoblasts, and chondrocytes (mesoderm lineage), and hepatocytes and in‐
sulin-producing cells (endodermal lineage) (Conrad et al., 2008; Jiang et al., 2002; Kuroda et
al., 2010; Kawanabe et al., 2010; Notta et al., 2011). Therefore, these adult stem cells could
also be defined as pluripotent stem cells.

5. Advantages of pluripotent adult stem cells over embryonic stem cells
and induced pluripotent stem cells

Human embryonic stem cells come from the inner cell mass of human blastocysts. There‐
fore,  embryonic  stem  cells  used  for  cell  therapy  are  allogenic;  the  transplanted  donor
cells  do  not  originate  from the  recipient.  This  raises  a  concern  about  the  immunogenic
response of the host, and the need for immune-suppressive therapy concurrent with em‐
bryonic  stem cell  transplantation (Charron et  al.,  2009).  Moreover,  embryonic  stem cell-
based therapy has been hampered by the moral,  legal and ethical dilemma surrounding
the use of human embryos for derivation of the stem cell lines (Zarzeczny and Caulfield,
2009).  Furthermore,  as the gold standard of pluripotent stem cells,  embryonic stem cells
have the potential  to form teratomas in the host.  Tumorigenic potential  can be reduced
by  differentiating  the  embryonic  stem cells  into  lineage-specific  progenitor  cells  or  ma‐
ture tissue cells prior to transplantation (Schwartz et al.,  2012). In order to better control
standards  of  good  manufacturing  practices  and  reduce  variability  as  much  as  possible,
the in vitro manipulation of embryonic stem cells should be minimized as recommend by
the Food and Drug Administration (Lysaght and Campbell,  2011).  Furthermore,  tumori‐
genic  potential  remains  a  concern if  the  entirety  of  the  embryonic  stem cell  population
does not completely differentiate into fully mature cells.

Differentiated adult cells used for the generation of the induced pluripotent stem cells can
be collected from the recipient body, avoiding the contentious need for a human embryo.
This also circumvents the problem of immune rejection. There are technical hurdles, howev‐
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er, concerning generation of induced pluripotent stem cells (Hayden, 2011). Firstly, the de‐
livery of reprogramming factors (OCT4, SOX2, NANOG, LIN28, KLF4 and c-MYC) relies on
the use of viral vectors for delivery (Takahashi et al., 2007). Retroviral sequences could inte‐
grate into the DNA of the host cells, potentially disrupting the gene structure as well as re‐
sulting in an aberrant phenotypic expression. Ultimately this could result in pathological
mutations and cancer formation. Alternative methods such as direct protein or small mole‐
cule delivery have been adopted, although the reprogramming efficiency of these techni‐
ques is lower than with viral vectors (Kim et al., 2009; Shi et al., 2008). Secondly, two of the
reprogramming factors, c-MYC and KLF4, are proto-oncogenes, which raise the concern of
cancer formation further. Omitting c-MYC would lower the reprogramming efficiency,
whereas silencing c-MYC could lead to its reactivation. Moreover, reprogramming can in‐
duce other genomic changes, such as DNA mutations (Gore et al., 2011), copy number varia‐
tions (Hussein et al., 2011) and chromosomal aberrations (Mayshar et al., 2010). Genomic
instability could have unpredictable and undesirable effects on the reprogrammed cells.
Furthermore, induced pluripotent stem cells carry their epigenetic signatures from the origi‐
nal differentiated adult cells (Lister et al., 2011). The reprogrammed cells, therefore, unlike
embryonic stem cells, may not develop into some cell types. In addition, induced pluripo‐
tent stem cells can still cause immune reactions when transplanted allogeneically.

The sources of adult stem cells are multiple and feasibly obtained from various adult tissues,
such as bone marrow, blood, adipose tissue, teeth and testes (Table 1). These adult stem cells
can be collected from the human body at anytime throughout life. This makes them readily
available and does not raise the moral and ethical issues involved with the attainment of
embryonic stem cells. Moreover, pluripotent adult stem cells can easily be isolated and puri‐
fied by cell surface markers, such as CD49f, SSEA-3 and SSEA4 (Conrad et al., 2008; Kuroda
et al., 2010; Kawanabe et al., 2010; Notta et al., 2011). The pluripotent status of these adult
stem cells is naturally acquired and does not require reprogramming by the introduction of
pluripotent transcriptional factors, thus eliminating the use of viral vectors and the chance
of aberrant chromosomal changes. Furthermore, transplantation of mesenchymal stem cells
and periodontal ligament-derived stem cells can be autogenic or allogeneic. Immuno-sup‐
pression is not necessary since mesenchymal stem cells have strong immunomodulatory
properties against alloreactivity of T lymphocytes and dendritic cells (Chen et al., 2011).
Similarly, mesenchymal stem cells and periodontal ligament-derived stem cells inhibit the
proliferation of peripheral blood mononuclear cells (Wada et al., 2009). Spermatogonial stem
cells, however, are killed by cytotoxic T lymphocytes after transplantation (Dressel et al.,
2009), whereas allogeneic hematopoietic stem cell transplantation induces graft-vs-host dis‐
ease (Strober et al., 2011). Therefore, transplantation of spermatogonial stem cells and hema‐
topoietic stem cells should only be autogenic, without the application of
immunosuppressive drugs. Similar to embryonic stem cells and induced pluripotent stem
cells, pluripotent adult stem cells can differentiate into specialized cells of the three germ
layers. Except for spermatogonial stem cells (Conrad et al., 2008), teratoma formation was
not found in pluripotent hematopoietic stem cells, mesenchymal stem cells and periodontal
ligament-derived stem cells (Kuroda et al., 2010; Kawanabe et al., 2010; Notta et al., 2011).
This suggests a reduction in the probabilities of tumor formation post-transplantation, and
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tent stem cell line, a teratoma assay might not be a suitable assay for pluripotency of adult
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tiple cell types depending on their microenvironmental cues. Therefore, the stem cell status
should be defined by plasticity (Zipori, 2005). Pluripotency refers to the ability of cells to dif‐
ferentiate into any cell type of the 3 germ layers (ectoderm, endoderm and mesoderm),
whereas multipotency refers to the ability of cells to differentiate only into a closely related
family of cells (Ilic and Polak, 2011). All of the previously described adult stem cells (hema‐
topoietic, mesenchymal, periodontal ligament-derived, and spermatogonial) could differen‐
tiate into specialized cells of the three germ layers: neurons (ectodermal lineage), adipocytes,
cardiomyocytes, osteoblasts, and chondrocytes (mesoderm lineage), and hepatocytes and in‐
sulin-producing cells (endodermal lineage) (Conrad et al., 2008; Jiang et al., 2002; Kuroda et
al., 2010; Kawanabe et al., 2010; Notta et al., 2011). Therefore, these adult stem cells could
also be defined as pluripotent stem cells.

5. Advantages of pluripotent adult stem cells over embryonic stem cells
and induced pluripotent stem cells

Human embryonic stem cells come from the inner cell mass of human blastocysts. There‐
fore,  embryonic  stem  cells  used  for  cell  therapy  are  allogenic;  the  transplanted  donor
cells  do  not  originate  from the  recipient.  This  raises  a  concern  about  the  immunogenic
response of the host, and the need for immune-suppressive therapy concurrent with em‐
bryonic  stem cell  transplantation (Charron et  al.,  2009).  Moreover,  embryonic  stem cell-
based therapy has been hampered by the moral,  legal and ethical dilemma surrounding
the use of human embryos for derivation of the stem cell lines (Zarzeczny and Caulfield,
2009).  Furthermore,  as the gold standard of pluripotent stem cells,  embryonic stem cells
have the potential  to form teratomas in the host.  Tumorigenic potential  can be reduced
by  differentiating  the  embryonic  stem cells  into  lineage-specific  progenitor  cells  or  ma‐
ture tissue cells prior to transplantation (Schwartz et al.,  2012). In order to better control
standards  of  good  manufacturing  practices  and  reduce  variability  as  much  as  possible,
the in vitro manipulation of embryonic stem cells should be minimized as recommend by
the Food and Drug Administration (Lysaght and Campbell,  2011).  Furthermore,  tumori‐
genic  potential  remains  a  concern if  the  entirety  of  the  embryonic  stem cell  population
does not completely differentiate into fully mature cells.

Differentiated adult cells used for the generation of the induced pluripotent stem cells can
be collected from the recipient body, avoiding the contentious need for a human embryo.
This also circumvents the problem of immune rejection. There are technical hurdles, howev‐
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er, concerning generation of induced pluripotent stem cells (Hayden, 2011). Firstly, the de‐
livery of reprogramming factors (OCT4, SOX2, NANOG, LIN28, KLF4 and c-MYC) relies on
the use of viral vectors for delivery (Takahashi et al., 2007). Retroviral sequences could inte‐
grate into the DNA of the host cells, potentially disrupting the gene structure as well as re‐
sulting in an aberrant phenotypic expression. Ultimately this could result in pathological
mutations and cancer formation. Alternative methods such as direct protein or small mole‐
cule delivery have been adopted, although the reprogramming efficiency of these techni‐
ques is lower than with viral vectors (Kim et al., 2009; Shi et al., 2008). Secondly, two of the
reprogramming factors, c-MYC and KLF4, are proto-oncogenes, which raise the concern of
cancer formation further. Omitting c-MYC would lower the reprogramming efficiency,
whereas silencing c-MYC could lead to its reactivation. Moreover, reprogramming can in‐
duce other genomic changes, such as DNA mutations (Gore et al., 2011), copy number varia‐
tions (Hussein et al., 2011) and chromosomal aberrations (Mayshar et al., 2010). Genomic
instability could have unpredictable and undesirable effects on the reprogrammed cells.
Furthermore, induced pluripotent stem cells carry their epigenetic signatures from the origi‐
nal differentiated adult cells (Lister et al., 2011). The reprogrammed cells, therefore, unlike
embryonic stem cells, may not develop into some cell types. In addition, induced pluripo‐
tent stem cells can still cause immune reactions when transplanted allogeneically.

The sources of adult stem cells are multiple and feasibly obtained from various adult tissues,
such as bone marrow, blood, adipose tissue, teeth and testes (Table 1). These adult stem cells
can be collected from the human body at anytime throughout life. This makes them readily
available and does not raise the moral and ethical issues involved with the attainment of
embryonic stem cells. Moreover, pluripotent adult stem cells can easily be isolated and puri‐
fied by cell surface markers, such as CD49f, SSEA-3 and SSEA4 (Conrad et al., 2008; Kuroda
et al., 2010; Kawanabe et al., 2010; Notta et al., 2011). The pluripotent status of these adult
stem cells is naturally acquired and does not require reprogramming by the introduction of
pluripotent transcriptional factors, thus eliminating the use of viral vectors and the chance
of aberrant chromosomal changes. Furthermore, transplantation of mesenchymal stem cells
and periodontal ligament-derived stem cells can be autogenic or allogeneic. Immuno-sup‐
pression is not necessary since mesenchymal stem cells have strong immunomodulatory
properties against alloreactivity of T lymphocytes and dendritic cells (Chen et al., 2011).
Similarly, mesenchymal stem cells and periodontal ligament-derived stem cells inhibit the
proliferation of peripheral blood mononuclear cells (Wada et al., 2009). Spermatogonial stem
cells, however, are killed by cytotoxic T lymphocytes after transplantation (Dressel et al.,
2009), whereas allogeneic hematopoietic stem cell transplantation induces graft-vs-host dis‐
ease (Strober et al., 2011). Therefore, transplantation of spermatogonial stem cells and hema‐
topoietic stem cells should only be autogenic, without the application of
immunosuppressive drugs. Similar to embryonic stem cells and induced pluripotent stem
cells, pluripotent adult stem cells can differentiate into specialized cells of the three germ
layers. Except for spermatogonial stem cells (Conrad et al., 2008), teratoma formation was
not found in pluripotent hematopoietic stem cells, mesenchymal stem cells and periodontal
ligament-derived stem cells (Kuroda et al., 2010; Kawanabe et al., 2010; Notta et al., 2011).
This suggests a reduction in the probabilities of tumor formation post-transplantation, and
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the elimination of the need to manipulate the cells into mature tissue prior to transplanta‐
tion. In addition, transplanted stem cell-induced regeneration may not be due to stem cell
differentiation per se (Johnson et al., 2010; Williams and Hare, 2011). Instead, a paracrine ef‐
fect has been hypothesized in which the adult stem cells secrete cytokines, chemokines, or
protective proteins (Bai et al., 2012; Bráz et al., 2012) that nourish the host tissue cells and
facilitate the healing process. This special feature has not yet been reported with the use of
embryonic stem cells or induced pluripotent stem cells in a clinical setting.

6. Potential applications of pluripotent adult stem cells

Stem cell clinical trials have advanced rapidly for a broad spectrum of diseases, such as dia‐
betes, neurodegeneration, immune diseases, heart disease, and bone disease. In 2011, there
were 123 clinical trials using mesenchymal stem cells (Trounson et al., 2011). It is predicted
that stem cell therapy will eventually become the treatment of choice in regenerative medi‐
cine, especially the use of adult stem cells. As stem cell products become more wide-spread
and maintained under various conditions, the need for global standardization and regula‐
tion of processes will become necessary for the viable application of these products in a clin‐
ical setting. The Food and Drug Administration regulates interstate commerce in human
cells and tissue-based products under the Public Health Service Act and the Code of Federal
Regulations for Food and Drugs (Lysaght and Campbell, 2011). Human cells and tissue-
based products are defined as “articles containing or consisting of human cells or tissues
that are intended for implantation, transplantation, infusion, or transfer into a human recipi‐
ent” (Lysaght and Campbell, 2011). Human cells and tissue-based products must be: (1)
minimally manipulated, (2) intended only for homologous use, (3) not combined with an‐
other article (except for water, or sterilization, preservation, or storage agents), and (4) ei‐
ther: (a) have no systemic or metabolic effect, or (b) be for autologous use, allogeneic use in
first- or second-degree blood relative, or reproductive use.

Pluripotent adult stem cells fall under the criteria for human cells and tissue-based prod‐
ucts  as  stated  by  the  Food and  Drug  Administration.  Unlike  induced  pluripotent  stem
cells, pluripotent adult stem cells can be minimally manipulated as their pluripotent state
occurs naturally. Unlike embryonic stem cells, pluripotent adult stem cells are suited for
autologous use. Similar to embryonic stem cells and induced pluripotent stem cells, plu‐
ripotent adult stem cells are able to differentiate into specialized cells of the three germ
layers. In addition, embryonic stem cells and induced pluripotent stem cells have the po‐
tential  to  form teratomas (an unfavorable  side-effect  in  clinical  applications)  although a
recent study suggests that the teratoma-forming cells could be removed by the antibody
against  SSEA-5 (Tang et  al.,  2011).  In contrast,  most  pluripotent  adult  stem cells  do not
form teratomas in vivo, eliminating the need for preemptive differentiation of pluripotent
adult stem cells into mature specialized cells.

If stem cell-aided regeneration is not due to stem cell differentiation to replace damaged
cells (Johnson et al., 2010; Williams and Hare, 2011), pluripotent adult stem cells are favora‐
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ble over embryonic stem cells and induced pluripotent stem cells. The secretion of cyto‐
kines, chemokines, and/or protective proteins from the adult stem cells could nourish the
host tissue and facilitate the healing process (Bai et al., 2012; Bráz et al., 2012).

7. Summary

Adult  stem cells  are  found all  over  the  body.  They can be  conveniently  obtained from
different accessible tissues: bone marrow, blood, adipose tissue, teeth and testes. Pluripo‐
tent  adult  stem  cells,  which  reside  as  a  subpopulation  within  adult  stem  cells,  can  be
easily  isolated by pluripotent  cell  surface  markers,  such as  SSEA-3,  SSEA-4 and CD49f.
Moreover, pluripotent adult stem cells can be characterized by their ability to differenti‐
ate  into  cells  of  3  germ layers  (ectoderm,  mesoderm and endoderm)  as  well  as  by  the
chimera formation in xeno-transplanted mice. Pluripotent adult stem cells are better than
embryonic  stem  cells  and  induced  pluripotent  stem  cells  as  they  are  an  autologous
source,  require minimal manipulation and do not have the ability to form teratomas. In
addition, they are more appropriate to be used as a clinical product for therapeutic treat‐
ments, as a cellular replacement or secretory protein reservoir. However, there are uncer‐
tainties that still  remain unanswered. Which stem cell types are optimal for regenerative
medicine? What is  the optimal cell  number for transplantation? Should the cells  be pre‐
emptively  differentiated  or  used  as  is?  Further  research  is  needed  to  understand  the
mechanisms of stem cells in regenerating damaged tissues after transplantation.
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the elimination of the need to manipulate the cells into mature tissue prior to transplanta‐
tion. In addition, transplanted stem cell-induced regeneration may not be due to stem cell
differentiation per se (Johnson et al., 2010; Williams and Hare, 2011). Instead, a paracrine ef‐
fect has been hypothesized in which the adult stem cells secrete cytokines, chemokines, or
protective proteins (Bai et al., 2012; Bráz et al., 2012) that nourish the host tissue cells and
facilitate the healing process. This special feature has not yet been reported with the use of
embryonic stem cells or induced pluripotent stem cells in a clinical setting.

6. Potential applications of pluripotent adult stem cells

Stem cell clinical trials have advanced rapidly for a broad spectrum of diseases, such as dia‐
betes, neurodegeneration, immune diseases, heart disease, and bone disease. In 2011, there
were 123 clinical trials using mesenchymal stem cells (Trounson et al., 2011). It is predicted
that stem cell therapy will eventually become the treatment of choice in regenerative medi‐
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ther: (a) have no systemic or metabolic effect, or (b) be for autologous use, allogeneic use in
first- or second-degree blood relative, or reproductive use.

Pluripotent adult stem cells fall under the criteria for human cells and tissue-based prod‐
ucts  as  stated  by  the  Food and  Drug  Administration.  Unlike  induced  pluripotent  stem
cells, pluripotent adult stem cells can be minimally manipulated as their pluripotent state
occurs naturally. Unlike embryonic stem cells, pluripotent adult stem cells are suited for
autologous use. Similar to embryonic stem cells and induced pluripotent stem cells, plu‐
ripotent adult stem cells are able to differentiate into specialized cells of the three germ
layers. In addition, embryonic stem cells and induced pluripotent stem cells have the po‐
tential  to  form teratomas (an unfavorable  side-effect  in  clinical  applications)  although a
recent study suggests that the teratoma-forming cells could be removed by the antibody
against  SSEA-5 (Tang et  al.,  2011).  In contrast,  most  pluripotent  adult  stem cells  do not
form teratomas in vivo, eliminating the need for preemptive differentiation of pluripotent
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easily  isolated by pluripotent  cell  surface  markers,  such as  SSEA-3,  SSEA-4 and CD49f.
Moreover, pluripotent adult stem cells can be characterized by their ability to differenti‐
ate  into  cells  of  3  germ layers  (ectoderm,  mesoderm and endoderm)  as  well  as  by  the
chimera formation in xeno-transplanted mice. Pluripotent adult stem cells are better than
embryonic  stem  cells  and  induced  pluripotent  stem  cells  as  they  are  an  autologous
source,  require minimal manipulation and do not have the ability to form teratomas. In
addition, they are more appropriate to be used as a clinical product for therapeutic treat‐
ments, as a cellular replacement or secretory protein reservoir. However, there are uncer‐
tainties that still  remain unanswered. Which stem cell types are optimal for regenerative
medicine? What is  the optimal cell  number for transplantation? Should the cells  be pre‐
emptively  differentiated  or  used  as  is?  Further  research  is  needed  to  understand  the
mechanisms of stem cells in regenerating damaged tissues after transplantation.
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1. Introduction

The gametes are highly specialized haploid cells that harbor genetic background of each in‐
dividual. During fertilization, the fusion of female and male gametes occurs in order to pro‐
duce zygote. These zygotes are diploid cells and have genetic material of both individuals.
Zygotes start to divide and undergo further pre-implantation development through the for‐
mation of morula, blastocysts and finally fetus (Fig. 1). When intrauterine fetal development
is finished, the organism is already formed and ready to birth. The zygotes can be consid‐
ered primordial stem cells, which originate the whole organism through unequal divisions
to produce blastomeres, the cells resulting by cleavage of a zygote. Sixteen blastomeres con‐
stitute a morula, the spherical embryonic mass surrounded by the zona pellucid, which fur‐
ther became a blastocyst. Blastocyst is a thin-walled hollow structure surrounded by
trophoblasts layer that contains a cluster of cells called the inner cell mass (ICM) from which
the embryo arises and the scientists isolate embryonic stem (ES) cells for in vitro cultivation
and for study the process of differentiation. However, ES cells are pluripotent cells able to
produce any cell type raise ethical concerns about the destruction of human embryo to pro‐
duce stem cell lines. To get the better concept of pluripotent cells for stem cell based thera‐
pies the reprogramming of patient specific adult cells to embryonic stage was suggested
(Takashi & Yamanaka,2006). Cell reprogramming is a process of de-differentiation of somat‐
ic cells into pluripotent state whereby they adopt features of ES cells. De-differentiation of
adult cells can be achieved through i. somatic cell nuclear transfer; ii. cell fusion - somatic
cell hybrids and; iii. production of induced pluripotent stem (iPS) cells through the activa‐
tion of essential stemness genes (reprogramming factor), over-expression in fibroblasts
and/or other adult cells. Small molecules and other technologies are also exploring to repro‐
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gram cells without the use of viral vectors primarily by Yamanaka. The methods used for
cell de-differentiation induce the expression of genes that are not normally expressed in
adult cell but are expressed in pluripotent stem cells, leading to the activation of pluripotent
cell transcriptional networks. A cascade of transcriptional activity switch on the changes in
gene expression profile in the adult cells, which begins to express a repertoire of genes that
are commonly, identified in pluripotent ES cells. Following reprograming the adult cells un‐
dergo morphological changes and begin to grow as a tightly packed cluster of cells known
as a colony, which mirrors how undifferentiated ES cells grow in culture. Both processes of
reprograming and resulting pluripotency of reprogrammed cells vary significantly and elu‐
cidation of different approaches can clarify the reprograming process. In this chapter we
will describe different methods of reprogramming of differentiated cells to pluripotent cells
and the knowledge gain from each. Additionally, we try to provide a functional vision on
reprogramming process and to analyze different types of stem cell niches produced by natu‐
ral and reprogrammed cells. The better comprehension of stem cell niches will allow us to
improve the reprogramming technology and to put more close in production of natural plu‐
ripotent stem cells using molecular biology approaches.

Figure 1. Early development of stem cells niches. According to current knowledge there are natural stem cells niches
during development: morula, blastocyst, epiblast and fetus, and artificial stem cells niches: stem cell culture in vitro.
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2. Natural in vivo pluripotent stem cell niches

2.1. Morula stem cell niche

Here we proposed that starting from morula, when zona pellucid arises, a first specific com‐
partment called stem cell niche is formed. This niche can be defined as a microenvironment
in which stem cells are found. Stem cell niche provides the both interaction between the cells
and their interaction with local microenvironment, by which their fate regulates and occurs.
In morula, stem cell niche consists of pluripotent stem cells that provide expression of spe‐
cific transcription factor, such as POU domain transcription factor (Oct3/4) responsible for
self-renewal capacity and pluripotency of these cells. In mammals morula first cell fate deci‐
sions is governed by key transcriptional factor: Oct3/4 (Palmieri et al., 1994). Oct3/4 is
unique because it requires maintaining the pluripotency in both conditions in vivo and in vi‐
tro (Nichols et al., 1998) and it is essential for epigenetic reprogramming (Niwa et al., 2000).
The depletion of transcription factors leads to increased expression of genes that are in‐
volved in the processes of development and cell differentiation (Niwa et al., 2000).

2.2. Blastocyst stem cell niche

The first lineage segregation is resulted in the formation of trophectoderm and ICM (Wobus,
et al., 2005). Upon silencing of Oct3/4, a part of morula cells spontaneously inactivates the
self-renewal process and start to differentiate into trophoblast cells, thus forming pluripo‐
tent stem cell niche in blastocyst. This blastocyst niche is a dynamic structure which follows
developmental program of an organism in parallel with Oct3/4, expression of other tran‐
scriptional factor such as Nanog occurs in ICM. in early blastocyst (Nichols et al., 1998; Avi‐
lon et al., 2003).

2.3. Epiblast stem cell niche: Naive and primed pluripotent stem cells

In mice in late blastocyst transcription factor Sox2 starts to express in the cells of ICM in ad‐
dition to GATA6 and Nanog, which lead to formation of two distinct populations: epiblast
and hypoblast (Mitsui et al., 2003). These cell populations are considered the precursors of
the primitive endoderm and the pluripotent epiblast (Morrissey et al., 1998). Recent studies
suggest that stem cells in rodent epiblast have two distinct stable states of pluripotency: na‐
ïve and primed, thus establishing epiblast stem cell niche (Tesar et al., 2007; Nichols, 2009).
According to these classification both of states exhibit features of bona fide pluripotent stem
cells, such as have indefinite self-renewal, tri-germ layer potential and depend on expres‐
sion of all three transcription factors, such as Oct3/4, Sox2 and Nanog (Tesar et al., 2009;
Nichols, 2009; de Los Angeles et al., 2012). Naïve (more immature) pluripotent stem cells
can be obtained from pre-implanted stage of embryo in rodents (Okamoto et al., 2003).
These cells have both sex X chromosomes activated and are able to produce high-grade chi‐
meras after their reintroduction into the host blastocyst. In contrast, in humans primed plu‐
ripotent ES cells are isolated from human pre-implantation blastocysts stage of
development. In these cells one of female X chromosome is inactivated, albeit human ES
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cells are self-renewing and express key transcription factors and are able to form teratoma
(Okamoto et al., 2003; Brons et al., 2007; Tesar et al., 2005). Studies of X chromosome inacti‐
vation in pre-implantation human embryos reported that XIST transcript accumulation on
this chromosome occurs in the eight-cell stage embryo, however the identity of the cells,
which show XIST accumulation is not clear. In vitro studies of XIST accumulation in human
ES cells lines revealed three different patterns of X chromosome inactivation. The naïve state
- with both active X chromosomes, intermediate state - with both XIST accumulation and
last - state, when the cells never undergo X chromosome inactivation even under differentia‐
tion and XIST accumulation does not occur (Dvash and Fan, 2009). Therefore, using current
technologies “true” pluripotent stem cells can be exclusively isolated from mouse and may
be from some other rodents, which present similar pattern of early embryonic development
with mice. It is not obvious if it is possible to obtain “true” human ES cells, once we cannot
test their contribution into developing human embryo (due to ethic consideration). Howev‐
er, the lack of X chromosome reactivation indicates that probably these cells will never be
able to reintegrate into early development events in vivo similar to rodent.

3. In vitro pluripotent stem cell niches

After isolation, pluripotent stem cells start to organize in vitro stem cell niche, which up to a cer‐
tain degree simulates experience of these cells in vivo. In vitro these cells showed similar mor‐
phology with ICM, forming islands of juxtaposed cells and expressing pluripotent stem cell
markers such as Oct3/4, Nanog, Sox2 (Tesar et al., 2005; Tesar et al., 2007). However, to distin‐
guish in vitro naïve and primed pluripotent cells are difficult or even impossible task due to
high heterogenety of pluripotent cell lines established in vitro (Brons et al., 2007; Tesar et al.,
2007). Different factors may contribute to this heterogeneity, such as natural polymorphism of
the cells, selection of colonies in vitro, which can be pluripotent at different degrees, cell cul‐
ture conditions adopted in each work as well as pluripotent cells, itself, may produce an “im‐
perfect” in vitro microenvironment again due to their natural heterogeneity.

4. Generation of artificial pluripotent stem cell – Reprogramming
strategies

4.1. Reprogramming by means of differentiated cells nuclear transfer

Several strategies can be provided in order to reprogramming differentiated or committed
somatic cell genome. One of these strategies is a nuclear transfer (NT) of differentiated cell
nucleus to oocyte whose maternal DNA was removed (Campbell et al., 1996). This type of
reprogramming uses the natural components without any previous genetic or molecular
modification of nucleus–donor and oocyte-recipient. NT is relatively efficient and frequently
depends on technical experience of researcher (Galli et al., 2012). There are two kinds of nu‐
clear transfer trial: egg-NT involves the transfer of a single somatic nucleus to an unfertil‐
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ized enucleated oocyte and oocyte-NT involves the transplantation of multiple somatic cell
nuclei into immature oocyte of amphibian. Nevertheless are important differences between
the two types of nuclear transfer experiment. In oocyte-NT experiments extensive cell divi‐
sion take places and new functional cell types appear as soon as the nuclear transplant em‐
bryo start to develop. In this experiment somatic cell chromatin is directly reprogrammed to
express pluripotency genes within a day. In contrast to oocyte-NT experiments, in egg-NT
no new cell types are formed, and neither oocyte nor nuclei divide, however direct transi‐
tion of reprogrammed nuclei that transcribe genes of pluripotency into differentiated cells
occurs. Analysis of the mechanism of reprogramming in egg-NT experiments, which in‐
volves transcription pluripotency genes and others, is complicated owing to rapid DNA rep‐
lication and numerous cell divisions (Halley–Scott et al., 2010; Julien et al., 2010).

The NT process leads to direct reprogramming of pluripotent stem cell and expression of
such markers as Oct3/4, Nanog, and Sox2 that are silent in differentiated somatic cell nu‐
cleus. In general, the reactivation of silent pluripotency genes starts around 24 and 48 hours
after NT (Halley–Scott et al., 2010; Julien et al., 2010; Byrne et al., 2003). Upon NT occurs the
series of events when oocyte cytoplasm induces changes in the structure of donor chromatin
toward pluripotent state, which became more appropriate for embryonic development.
However, synchronization process which should happen between genomic DNA of donor
cell and cytoplasm of recipient cell is complex and may affect significantly pluripotency of
reprogrammed cells. Attempts to facilitate this reprogramming process have been made us‐
ing chemicals that alter the methylation status of the chromatin, such as TSA (trichostatin
A), azacytidine, scriptaid, either before or after NT. In the mouse, the use of TSA (a histone
deacetylase inhibitor, HDACi) significantly increased the success rate of mouse cloning
(Kishigami et al., 2007).

Figure 2. Stages of nuclear transfer. The nucleus is removed from an egg (or oocyte) and replaced by a nucleus from a
donor cell (somatic cell).
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(Okamoto et al., 2003; Brons et al., 2007; Tesar et al., 2005). Studies of X chromosome inacti‐
vation in pre-implantation human embryos reported that XIST transcript accumulation on
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clear transfer trial: egg-NT involves the transfer of a single somatic nucleus to an unfertil‐
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ized enucleated oocyte and oocyte-NT involves the transplantation of multiple somatic cell
nuclei into immature oocyte of amphibian. Nevertheless are important differences between
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tion of reprogrammed nuclei that transcribe genes of pluripotency into differentiated cells
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volves transcription pluripotency genes and others, is complicated owing to rapid DNA rep‐
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after NT (Halley–Scott et al., 2010; Julien et al., 2010; Byrne et al., 2003). Upon NT occurs the
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toward pluripotent state, which became more appropriate for embryonic development.
However, synchronization process which should happen between genomic DNA of donor
cell and cytoplasm of recipient cell is complex and may affect significantly pluripotency of
reprogrammed cells. Attempts to facilitate this reprogramming process have been made us‐
ing chemicals that alter the methylation status of the chromatin, such as TSA (trichostatin
A), azacytidine, scriptaid, either before or after NT. In the mouse, the use of TSA (a histone
deacetylase inhibitor, HDACi) significantly increased the success rate of mouse cloning
(Kishigami et al., 2007).
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In mammals, embryo obtained by NT and transferred into foster mother can result (or not)
in full term development. The clones, obtained by NT method, are genetically identical to
donor organism, which provide a nucleus. The sheep Dolly was the first successfully cloned
farm animal. Dolly was obtained from NT of terminally differentiated mammary epithelial
cell (Campbell et al., 1996). However the generation of animals by NT is not very efficient,
once many clones are dying soon after implantation, and only few clones survive and born
(Galli et al. 1999; Ritchie 2006). These clones frequently affected with severe abnormalities,
they die prematurely and often obese. The survival rate of clones depends on species, on do‐
nor cell type, method of NT and varied significantly between different laboratories (Oback
& Wells, 2002; Wilmut et al., 2002). However, pre-implantation development does not seem
to be a problem (Ono et al., 2001; Ono et al., 2001a) the majority of the term losses occurs
during the post implantation period and/or after birth. It has been reported in some experi‐
mental studies, that only 2-3% of the transferred embryos develop to term in mice (Ono et
al., 2001a; Sakai et al., 2005). Over time the methods were improved and other species have
been cloned with success from differentiated donor cells, such as cattle (Galli et al., 1999);
mouse (Wakayama & Yanagimachi, 1999); pig (Polejaeva et al., 2000a); cat (Shin et al., 2002);
goat (Keefer et al., 2002); mule (Woods et al., 2003); horse (Galli et al., 1999); rabbit (Challah-
Jacques et al., 2003); rat (Zhou et al., 2003) and dog (Lee et al., 2005). In humans, the attempt
to NT has been achieved using animal oocytes as recipients for human genetic material. The
reprogramming of human somatic cell nuclei did not occur after NT into bovine and rabbit
oocytes. These oocytes with human genome were not able to follow early embryonic devel‐
opment. The up-regulation of human pluripotency-associated genes did not occur. These
data raised a question about the potential use of animal embryonic environment to generate
patient-specific stem cells using NT technology. Ethical implications also should be taken in
consideration (Chung et al., 2009).

4.2. Reprogramming by means of stem cells nuclear transfer

In 1998, Cibelli performed stem cells nuclear transfer (SCNT) using nucleus of bovine fibro‐
blasts and enucleated bovine oocytes. They obtained 330 reconstructed oocytes, generated
37 cloned blastocysts, which served for isolation of 22 ES-like cell lines. These ES-like cells
were injected into bovine oocytes, cultured cultured to produce embryos that further which
were transferred into recipient females. In six out of seven calves at least one tissue originat‐
ed from ES cell has been found. Other authors demonstrated the ability of karyoplast of ES
cells induce Oct4 expression in the somatic genome (Tada, 2001).

In humans (Hall et al., 2007) and non-human primate (Mitalipov et al., 2002) the SCNT effi‐
ciency of blastocyst formation has typically been very low, thus suggesting a lack in or com‐
plete nuclear reprogramming. In order to overcome these difficulties modified SCNT
approach was used to produce rhesus macaque blastocysts from adult skin fibroblasts and
to isolate from this blastocyst two ES cell lines. This was achieved thought non-invasive ap‐
proaches for meiotic spindle detection in oocytes and their removal using high-performance
imaging. Spindle imaging system supports rapid and highly efficient real-time enucleation
of primate oocytes. In this experiment spindle removal efficiency was 100%. The investiga‐
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tion of karyotype, microsatellite and single nucleotide polymorphisms (SNP) analyses con‐
firmed that both ES cell lines were originated from SCNT embryos and were not from
parthenotes. These ES cell lines demonstrated typical pluripotent cells morphology, self-re‐
newal capacity and expression of stem cell markers. They were also transcriptionally similar
to ES cells derived from fertilized blastocysts, and pluripotent, as demonstrated by the gen‐
eration of several tissues from three germ layers after in vivo teratoma formation (Byrne
2007). Additionally, the experiments using mouse pluripotent primordial germ (PG) and ES
cells as nuclei donors have also been performed using single-cell NT method. The results
showed that embryos obtained from PG or ES cells NT method cannot develop and com‐
plete pre-implantation stage (Kato and Tsunoda, 1995). Possibly that long term in vitro cul‐
ture can affect the karyotype of these cells accumulating chromosomal abnormalities, thus
resulting in formation of abnormal embryos (Balbach et al., 2007).

The main goal of NT technology was to multiply the genotypes of high genetic value in farm
animals and species, which are under the risk of extinction. Further, this technology was
used as a tool for genome reprogramming of somatic differentiated cells into pluripotent
state. The principles of cloning, which were developed by Willadsen (1986), are also impor‐
tant today. All the cloning studies provided the first experimental evidence for reprogram‐
ming (Kono et al., 1997; Gurdon, 2008). Currently, NT technologies can be applied in two
different ways, to produce animal clones and to reprogram the nuclei of differentiated so‐
matic cell, which can be used for basic research to analyze X chromosome inactivation or to
study the dynamics of imprinting process during reprogramming and in some cases for pre-
clinical evaluation of these cells in animal models (Hochedlinger and Jaenisch 2006). This
technology yet holds medical interest to produce patient-specific stem cells, which can be
used in cell therapy and regenerative medicine.

4.3. Reprogramming by means of early embryonic environment

The pluripotency, characteristic feature of ES cells, can be evaluated by their capacity to dif‐
ferentiate into cells of the three germ layers. More precisely, ES cells pluripotency can be
evaluated by generation of chimaeras, organisms composed of cells from two or more indi‐
viduals from the same or different species (Kaufman, 1981; Keller, 1995; Wobus, 2005). Pro‐
duction of human/animal chimaeras is a method currently in use to analyze developmental
potency of mammalian ES in biomedical research (Behringer, 2007; Lensch et al., 2007).
James et al (2006) showed for the first time that a nonhuman embryo surrogate environment
could be used to study developmental potential of human ES cells as well as biological com‐
patibility between human ES cells and the mouse ICM. Adult stem cells (ASC) are now seen
as an alternative to ES cells, which can raise a number of ethical objections due requires de‐
struction of human embryo. Populations of multipotent ASC that express ES cell markers,
such as Oct3/4, Nanog and Sox2, presenting a differentiation capacity similar to that of ES
cells in vitro, can be isolated from different fetal and adult animal and human tissues (Wen‐
ceslau et al., 2011). For example, we have reported the isolation of human immature dental
pulp stem cells (hIDPSC) from deciduous (baby) teeth, which express the aforementioned
pluripotent markers and can differentiate into several cell types in vitro, such as bone, carti‐
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ferentiate into cells of the three germ layers. More precisely, ES cells pluripotency can be
evaluated by generation of chimaeras, organisms composed of cells from two or more indi‐
viduals from the same or different species (Kaufman, 1981; Keller, 1995; Wobus, 2005). Pro‐
duction of human/animal chimaeras is a method currently in use to analyze developmental
potency of mammalian ES in biomedical research (Behringer, 2007; Lensch et al., 2007).
James et al (2006) showed for the first time that a nonhuman embryo surrogate environment
could be used to study developmental potential of human ES cells as well as biological com‐
patibility between human ES cells and the mouse ICM. Adult stem cells (ASC) are now seen
as an alternative to ES cells, which can raise a number of ethical objections due requires de‐
struction of human embryo. Populations of multipotent ASC that express ES cell markers,
such as Oct3/4, Nanog and Sox2, presenting a differentiation capacity similar to that of ES
cells in vitro, can be isolated from different fetal and adult animal and human tissues (Wen‐
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lage, skeletal, smooth muscles and neurons (Kerkis et al., 2006; Lizier et al., 2012). We found
that after their transplantation into adult mice, they engrafted within different mouse or‐
gans, such as the liver, heart, spleen, kidney and the brain. Although hIDPSC express pluri‐
potent cell markers they present fibroblast-like morphology and were isolated from adult
tissues (Kerkis et al., 2006; Lizier et al., 2012). We demonstrated that hIDPSC are truly multi‐
potent cells, which were able to undergo further development similar to mouse ES cells in
nonhuman embryo surrogate environment. These cells were able to contribute in vitro into
ICM of mouse blastocyst, thus undergoing cell divisions, and in vivo into fetus development
thus generating pretermed human/mouse chimaera, which a prerequisite to characterizing
pluripotency similar for ES cells. In this study in order to analyze the ability of hIDPSC (46,
XY) to contribute to ICM and trophectoderm of mouse early embryos, 6–8 cells stained with
vital Vibrant fluorescent dye (Fig. 3A) were injected into the perivitelline space and/or the
blastocell of 8 compacted morulae and 20 early blastocysts (Fig. 3B). After injection these
cells have adopted similar size to those of the recipient mouse embryo. They proliferated in
the recipient mouse embryonic environment and showed a contribution to the ICM and also
to the trophoblast cell layer (Fig. 4A). To determine the developmental and pluripotent ca‐
pacity of hIDPSC, six to eight stained cells were injected into the blastocele of 57 early blas‐
tocysts (Fig. 4B) and were immediately transferred to the uterus of five foster mothers. Three
mice achieved pregnancy and, according to ethical recommendations, human/mouse chi‐
maeras were collected before birth. The 18 d.p.c. mouse foetuses seemed to be well formed
based on their morphological appearance (Fig. 4C).

Figure 3. The hIDPSC injection in early embryonic environment. (A) hIDPSC stained with vital Vibrant fluorescent dye
were injected into the perivitelline space and/or compacted morulae (B) hIDPSC showed a contribution to the ICM
and also to the trophoblast cell layer.
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Additionally to Vibrant fluorescent dye the anti-hIDPSC antibody, (this identifies exclusive‐
ly hIDPSC), was used to detect the presence of these cells in 18 d.p.c. mouse foetuses).
Strong fluorescent signals were observed in different organs of the chimaeras, such as the
brain, liver, intestine and muscles (Fig. 4D and Fig. 5B). Using a variety of methods we dem‐
onstrated hIDPSC contribution to mouse embryos, which did not present any type of mor‐
phological deficiency (Fig. 5A). We were able to produce evidence, that these cells
accomplished differentiation within local tissues, by the presence of human-specific tissue
proteins, such as myosin and cytokeratin. Moreover, we used a specific antibody against hu‐
man nuclei to confirm, again, that the cells were indeed of human origin (Siqueira da Fonse‐
ca et al., 2009). Little is known about the initial reprogramming events that occur after
transference of ASC into mouse blastocysts (Yokoo et al., 2005). In our experiment, hIDPSC
were capable of engrafting and proliferating inside mouse morulae and blastocysts and
forming pretermed chimaeras. These cells contributed not only to ICM, as do human ES
cells, but also to the trophoblast cell layer – without any embryo damage.

Figure 4. Developmental and pluripotent capacity of hIDPSC to generating pretermed human/mouse chimaera. Early
chimera blastocyst (A) were transferred to the uterus of foster mother (B). Human/mouse chimaeras (C) were collect‐
ed before birth and fluorescent signals were observed in different organs of the chimaeras (D).
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Furthermore, hIDPSC integrated into host embryos and developed foetuses, undergoing the
process of differentiation. Obviously that due to the difference in cell cycle dynamics be‐
tween mouse and human cells, the number of human cells during mouse pre-natal develop‐
ment is decreased in comparison with hIDPSC contribution in ICM of blastocyst. However,
it is not clear if hIDPSC can really undergo reprogramming into ES-like cells within nonhu‐
man embryo surrogate environment.

Our finding suggests that expression of such pluripotent markers, as nanog and oct4 by
hIDPSC is enough condition for these cells to contribute into different mouse tissues in early
embryo-fetal development, to differentiate properly and to express human proteins within
mouse fetal an immune privileged environment (Siqueira da Fonseca et al., 2009).

Figure 5. The hIDPSC contribution in pretermed human/mouse chimaera. (A) 18 d.p.c. mouse fetus. (B) Strong fluores‐
cent signals were observed in different organs of the chimaeras, such as the brain, liver, intestine, muscles and others.

4.4. Reprogramming by means of cell fusion

First pluripotent hybrid cells have been isolated by fusion of pluripotent teratocarcinoma
(TC)  cells  with  differentiated somatic  cells,  which served as  a  tool  for  investigating the
interaction between different genomes. These TC cells are similar to ES cells in morphol‐
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ogy and gene expression pattern, thus maintaining variable levels of pluripotency, how‐
ever  not  all  TC  cells  able  to  generate  chimaeras  and  to  contribute  to  germ  line
(Papaioannou and Rossant  1983).  These  cells  frequently  have abnormal  karyotype,  such
as  loss  of  the  Y  chromosome,  trisomy,  deletions  or  translocations  (Takagi  et  al.  1983,
Rousset et al. 1983, Modlinski et al. 1990). The hybrid cells obtained from pluripotent TC
cells  and somatic  cell  partner,  which express  embryonic  antigens,  were able  to  produce
teratomas containing derivatives of all three embryonic germ layers (Andrews and Good‐
fellow 1980, Atsumi et al.,  1982; Rousset et al. 1983; Forejt et al.,  1984; Takagi, 1983) and
to  form embryoid bodies  (EBs)  in  suspension culture  (Takagi,  1983).  These  hybrid  cells
showed  also  reactivation  of  particular  genes  after  reprogramming  (Miller  and  Ruddle,
1976, 1977; Andrews and Goodfellow, 1980; Rousset et al., 1983) and reactivation of inac‐
tive X chromosome originated from the somatic partner (McBurney and Adamson, 1976;
McBurney and Strutt, 1980; Takagi et al., 1983, Takagi, 1988; Mise et al., 1996). However,
pluripotent  hybrids  were  obtained  when  lymphocytes  or  thymocytes,  not  fibroblasts,
were used as the somatic parents in fusion (Rousset et  al.,  1979).  These studies indicate
that  hybrid  cells  generated  by  ES  cells  and  differentiated  cells,  which  have  less  cyto‐
plasm, seem to be more adequate systems to undergo reprogramming.

Matveeva et al. (1996) has obtained cultures of intraspecific embryonic hybrid cells by fusion
of mouse ES cells, denominated HM-1 cells, which were derived from HPRT-deficient strain
129 mice (Magin et al., 1992) and characterized as highly pluripotent (Magin et al., 1992;
Selfridge et al.1992) with splenocytes derived from an adult DD/c female. These hybrids
were denominated as hybrid embryonic stem and somatic (HESS) cells and characterized as
pluripotent and HPRT positive (Matveeva et al., 1996; 1998). Our group used three mouse
hybrid clones HESS-1, HESS-2 and HESS-3 in order to study their karyotypes and investi‐
gate the influence of the karyotypes on the differentiation of these cells through the forma‐
tion of embryonic bodies (Mittmann et al., 2002). The hybrid cells used in our study were
near diploid (HESS-2 and HESS-3) and near tetraploid (HESS-1) and chromosome analysis
showed different trisomies. The trisomies of chromosomes 1 and 11 were found in near dip‐
loid hybrids. These trisomies are probably typical of these pluripotent cells, and have previ‐
ously been described in the mouse ES cells line (Crolla et al., 1990) and in TC cells
(McBurney and Rogers, 1982). We found that the sex chromosome constitution in the
HESS-2 line was predominantly XY, while in the HESS-3 line it was XO. Interesting that in
HESS-2 and HESS-3 lines the segregated X chromosome was of embryonic origin. Indeed, it
has been demonstrated by Ringertz and Savage (1976) that hybrids lose the chromosomes
originating from differentiated, more slowly dividing cells. In our experiments, hybrids
showed the capacity to form EBs in vitro, even at late passages (Fig. 6). The EBs formed by
the hybrid cells could be considered as complex as those derived from the HM-1 line and
the cystic-type EBs formed by pluripotent cells (Martin and Evans, 1975; Van der Kamp et
al., 1984; Doetschman et al., 1985; Pease et al., 1990).

In the EBs derived from hybrids we observed haematopoietic-like cells,  cells  resembling
skeletal  and  smooth  muscle  and  others  (Fig.  7).  Cells  of  ectodermal  origin  (e.g.  nerve
cells) were not identified in EBs derived from hybrids. Our data shows that the ‘embry‐
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Furthermore, hIDPSC integrated into host embryos and developed foetuses, undergoing the
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Figure 5. The hIDPSC contribution in pretermed human/mouse chimaera. (A) 18 d.p.c. mouse fetus. (B) Strong fluores‐
cent signals were observed in different organs of the chimaeras, such as the brain, liver, intestine, muscles and others.
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ogy and gene expression pattern, thus maintaining variable levels of pluripotency, how‐
ever  not  all  TC  cells  able  to  generate  chimaeras  and  to  contribute  to  germ  line
(Papaioannou and Rossant  1983).  These  cells  frequently  have abnormal  karyotype,  such
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onic’  X chromosome may be lost  in pluripotent  hybrids,  but  reprogramming of  the ‘so‐
matic’  X chromosome may still  occur,  thus allowing restricted pluripotency. The normal
karyotype may be a prerequisite for the efficient contribution of  these cells  to the germ
line in transgenic and chimeric animals and for their ability to differentiate in vitro into a
wide spectrum of cell  types (Papaioannou et  al.,  1978;  McBurney Rogers,  1982;  Pease et
al.,  1990; Bronson et al.,  1995; Liu et al.,  1997; Suzuki et al.,  1997).  Therefore, we further
tested the capacity of near diploid HESS-2 to differentiate in vitro  in putative germ cells
(GC) (Fig. 8). We demonstrated that two days after induction of differentiation by retino‐
ic acid, the HESS-2 derived GC-like cells presented expression patterns of a gene set, in‐
volved  in  the  progression  of  early  stages  of  gametogenesis  (Vasa,  Stella,  Dazl,  Piwil  2,
Tex14, Bmp8b, Tdrd1 and Rnf17).  This finding is similar to previous descriptions of GC
obtained in vitro  from mouse ES cells (Hübner et al.,  2003; Geijsen et al.,  2004; Kerkis et
al.,  2007).  HESS-2  generates  GC in  vitro,  which were  able  to  differentiation into  sperm-
and oocyte-like  cells.  These  structures  resembling the formation of  presumptive oocytes
appeared floating in the culture medium. FISH analyses indicate that several GC derived
from HESS-2 hybrid cells  were able to undergo sex chromosome reduction.  The expres‐
sion of ZP2 and ZP3, oocyte-specific markers, was also detected supporting our morpho‐
logical  observation.  Hence our observations indicate that  HESS-2 cells  can progress into
both female- and male- GC differentiation, however,  the female developmental program
could be achieved only in early stages (Lavaginolli et al., 2009).

Figure 6. Cystic embryoid body - a globular cell cluster cultured from mouse ES cells.

Therefore, we demonstrated that near diploid somatic cell hybrids obtained by the fusion of
ES cells with differentiated cell can be fully reprogrammed and able to produce in vitro even
GCs. It is not likely that these cells will be able to generate live offspring after fertilization of
normal oocyte due to abnormal karyotype. However, they represent an interesting model to
study the influence of karyotype on the process of GC in vitro formation. More recently the
reprograming of somatic cell nucleus after the fusion with induced pluripotent stem (iPS)
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cells has been reported (Takahashi and Yamanaka, 2006). These iPS-somatic cell hybrids
demonstrated the expression of markers of pluripotent cells, such as Oct4, SSEA-1, and alka‐
line phosphatase and were able to differentiate into multiple cell types similar to ES cells,
thus confirming the reprogramming ability of iPS cells (Takahashi and Yamanaka, 2006).

Figure 7. Electron microscopy demonstrates differentiation within cystic embryoid bodies derived from somatic cell
hybrids (HESS-2).

Figure 8. Germ cell derived in vitro from HESS-2. (A) Protocol of differentiation. (B) Expression of genes involved in the
progression of early stages of gametogenesis during HESS-2 differentiation. (C) Sperm-like structure. (D) Oocyte-like
structure. (E and F) Haploid cells with X or Y chromosomes. (G) Expression of oocyte-specific markers in oocyte-like
structures obtained from HESS-2.
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4.5. Reprogramming by means of Yamanaka’s factors

The pluripotency manifests during short time of early mammalian development (Choen et
al., 2011; Dejosez et al., 2012). Such powerful, pluripotent cells can be obtained in vitro from
early embryo and they are very promising for the future of regenerative medicine and even
for organ generation. However, in humans isolation of these cells implicates with ethical
problem of embryo destruction. Thus the idea to obtain such pluripotent cells artificially
took the minds of the researchers. The technologies to obtain such alternative pluripotent
cells are growing continuously. Yamanaka 's group using the combination of different fac‐
tors performed the first reprograming of mouse embryonic fibroblasts. The resulted iPS cells
showed gene-protein expression of ES-cell markers, teratoma formation, differentiation into
the tissues of three germ layers, beside chimaeras generation. This reprogramming strategy,
using defined factors (i.e. Klf4, Oct4, Sox2, and c-Myc, termed “KOSM”), is conceptually and
technically simple (Takahashi & Yamanaka, 2006). However, it is a low efficient and repro‐
ducibility process, which is influenced by several variables and also could affect the quality,
such as completely or non-completely reprogrammed iPS cells. These variables are the age
donor, cell type, different delivery systems and reprogramming cocktail choice, factors used
for reprogramming (Daley et al., 2009). Currently, several strategies, based on genes, pro‐
teins, iRNA, as well as on different chemicals, are available for the reprogramming of somat‐
ic cells (Nakagawa et al., 2008; Yu et al., 2007). In the original method of iPS generation
developed by Yamanaka’s group used the moloney murine leukemia virus (MMLV) retrovi‐
rus for transgene expression (Takahashi and Yamanaka 2006). This vector has cloning ca‐
pacity of around 8 kb allows delivery of genes into the genome of cells and expected to be
silenced after reprogramming and induction of endogenous genes activation. The efficiency
of iPS cells generated using MMLV retroviruses Expressing the KOSM set genes is around
0.1% in mouse embryonic fibroblasts and approximately 0.01% in human fibroblasts (Jahner
et al., 1982; Stewart et al., 1982; Hotta et al., 2008). Lentiviral vector is also used in reprog‐
raming experiments thus exhibiting slightly higher (8–10 kb) cloning capacity and usually
have higher infection efficiency than MMLV retroviruses (Blelloch et al., 2007). However,
carcinogenesis may be caused by genomic integration of retro- or lentiviral fragments into
host DNA (Varas et al., 2009) and use of c-Myc oncogene, which after reactivation might
cause malignant tumor formation (Okita et al., 2007; Brambrink et al., 2008). Thus viral sys‐
tems are still unsafe for therapeutic application. Therefore, a number of reports demon‐
strates that iPS cells can be generated by reducing the use of viral constructs and/or
minimize viral integration through substitution of key reprogramming factors by chemical
compounds or employing less differentiated cells, which already express endogenously one
or more of the key pluripotency factors (Hota et al., 2008). Our group reprogrammed
hIDPSC-fibroblast-like cells isolated from deciduous (baby) teeth, which express endoge‐
nous Oct3/4 and Nanog, using retroviral vector and four Yamanaka’ s factors (Fig. 9).

Reprogrammed hIDPSC presented all key characteristics of pluripotent cells: formed juxta‐
posed colonies of ES-like morphology and produce teratoma with derivates of all three germ
layers. These cells did not integrate retroviral vector in their genome and express lower lev‐
els of Oct4, Nanog and Sox 2. In contrast to iPS cells derived to fibroblast cell, the hIDPSC
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derived iPS cells were generated to in shorter time and presented higher efficiency of colo‐
nies formation And were able to form under iPS colonies feeder –free conditions conditions.
For example, the time of fibroblasts reprogramming using retrovirus vectors takes 20–25
days (Aesen et al., 2008), while reprogramming of hIDPSC occurs only in eleven days after
infection (Beltrão-Braga, 2011). These results suggest that age of donor and differentiation
status of cell type used for reprograming may also affect reprogramming efficiency. Accord‐
ingly, Maherali and Hochedlinger et al., (2007) compared skin fibroblasts reprograming effi‐
ciency from two-month-old and two years-old mice. Older cells produced half as many iPS
cell colonies as young skin fibroblasts. It has been shown that iPS cells have so-called epige‐
netic memory, which means that after reprograming their differentiation potential can re‐
flect on their lineage commitment before reprograming. Therefore, hIDPSC showed strong
neural commitment, which is due to their ectomesodermal origin. After reprograming
strong neural commitment was evidenced within teratomas as well as spontaneous in vitro
differentiation into neurons hIDPS-iPSC was also detected. It was expected that ordinary
human adult cells reprogrammed as iPSC may revolutionize medicine by creating new
therapies unique to individual patients. However, important questions have persisted about
the safety of these cells, such as it is not clear the degree to which these cells are homologous
to ES cells in respect of the genes expression pattern, differentiation capacities, epigenetics
and in particular interest is the question whether iPSCs genetic material is altered during the
reprogramming process. The researchers, which examined 22 different human iPSC lines
obtained from seven research groups showed that these cells present 10 times more muta‐
tions than they expected to find. While some of the mutations appeared to be silent, the ma‐
jority did change specific protein functions, including those in genes associated with
causative effects in cancers. Anyway, the studies of iPSC provide an important new tool in
the fight against human disease, but to use these cells directly in the clinic, we must ensure
that they are safe.

Figure 9. hIDPSC-derived iPS cell. (A) Representative figure of morphological characteristics of hIDPSC in vitro cultur‐
ing. (B) iPS cell derivation were shown to be obtained under feeder-free condition on matrigel-coated dishes. (C) A
typical hIDPSC-derived iPS cell colony. Light microscopy.
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5. Final considerations

All reprogramming strategies are aimed at genomic reprogramming, which is a key biologi‐
cal process. It is still unknown, how many and what reprogramming factors, which initiate a
cascade of reprogramming events, are involved in NT, SCNT, in cell fusion and even in iPS
cell production. Yamanaka’s study suggests that these factors may be mainly proteins of the
nucleus; however the cytoplasm factors also should be taken in consideration. NT techni‐
que, which was used for Dolly the Sheep and many other species, has been abandon by
many researches due to the low efficiency. Some researches try to use SCNT in stem cells
research in order to obtain stem cells that are genetically matched to the donor organism.
However, up to data no human ES cells were obtained using SCNT. Another limitation of
this method is that resulting cells retain mitochondrial structures, which originally belonged
to the egg. The great limitation of cell fusion technology is chromosome set composed by
different genomes. Currently many scientists, which used all these methods moved to iPS
cell production.

We started this chapter with simplified description of the concept of stem cell niches for‐
mation during early development. This conception lead to comprehension that such nich‐
es are very complex and composed by heterogeneous population of different somatic and
stem cells. We know, that at least two different populations of pluripotent stem cells na‐
ïve and prime can be identified in vivo  and isolated in vitro  in rodents. In humans these
two populations are difficult to identified and isolate.  Additionally, the data on the pat‐
tern of X chromosome activation of in vitro cultured human ES cells suggest the existence
of may be three such populations. In adult organism the number of stem cell  niches in‐
creased  dramatically,  the  examples  are  neuronal,  hematopoietic,  hair  follicle,  skeletal
muscle,  dental  pulp and many other  stem cells  niches.  In  order  to  obtain  stem cells  of
the most excellent quality the scientist try to re-create stem cell niche in vitro, which ena‐
bles  ad of  control  of  culture conditions,  including oxygen tension and hydrostatic  pres‐
sure  and  various  factors  believed  to  be  involved  in  self-renewing,  division,  migration,
recruitment and lineage commitment of stem cells.  Any strategies of reprogramming are
closely related with the conception of stem cell niche, because in all strategies of reprog‐
ramming the nucleus or the cell  with different developmental  histories and from differ‐
ent cells niches are used. In order to translate the potential of reprogrammed cells into to
the  clinical  reality  our  knowledge  about  reprogrammed  stem  cells  microenvironment
should be significantly improved.
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5. Final considerations

All reprogramming strategies are aimed at genomic reprogramming, which is a key biologi‐
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to the egg. The great limitation of cell fusion technology is chromosome set composed by
different genomes. Currently many scientists, which used all these methods moved to iPS
cell production.

We started this chapter with simplified description of the concept of stem cell niches for‐
mation during early development. This conception lead to comprehension that such nich‐
es are very complex and composed by heterogeneous population of different somatic and
stem cells. We know, that at least two different populations of pluripotent stem cells na‐
ïve and prime can be identified in vivo  and isolated in vitro  in rodents. In humans these
two populations are difficult to identified and isolate.  Additionally, the data on the pat‐
tern of X chromosome activation of in vitro cultured human ES cells suggest the existence
of may be three such populations. In adult organism the number of stem cell  niches in‐
creased  dramatically,  the  examples  are  neuronal,  hematopoietic,  hair  follicle,  skeletal
muscle,  dental  pulp and many other  stem cells  niches.  In  order  to  obtain  stem cells  of
the most excellent quality the scientist try to re-create stem cell niche in vitro, which ena‐
bles  ad of  control  of  culture conditions,  including oxygen tension and hydrostatic  pres‐
sure  and  various  factors  believed  to  be  involved  in  self-renewing,  division,  migration,
recruitment and lineage commitment of stem cells.  Any strategies of reprogramming are
closely related with the conception of stem cell niche, because in all strategies of reprog‐
ramming the nucleus or the cell  with different developmental  histories and from differ‐
ent cells niches are used. In order to translate the potential of reprogrammed cells into to
the  clinical  reality  our  knowledge  about  reprogrammed  stem  cells  microenvironment
should be significantly improved.
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The Dark Side of Pluripotency – Cancer Stem Cell
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Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54369

1. Introduction

Cancer stem cells are defined as cancer cells that show the two properties of stemness: un‐
limited self-renewal and, pluripotency or multipotency. These properties make cancer stem
cell tumorigenic i.e. the ability to induce and sustain cancer.

The definition of cancer stem cell has been a topic of debate and has changed with time.
Cancer stem cells were proposed in 1994 by John Dick and coworkers as the cells that initiat‐
ed leukemia [1]. It was thought that this leukemic cell was derived from the mutation of a
hematopoietic stem cell. Importantly, the term was used to distinguish a small subpopula‐
tion of leukemic cells that could initiate and maintain cancer from the rest of the leukemic
cells that could not. Subsequently, it was also observed in other types of cancer that only a
very small subpopulation of cancer cells had the ability to initiate cancer when transplanted
into a new host [2–12]. This subpopulation of cancer cells was considered as cancer stem
cells. The rest of the cancer cells, which ranged from progenitor to fully differentiated cancer
cells, that formed the bulk of the cancer had limited proliferative capacity and hence could
not initiate cancer when transplanted. Since cancer comprise a heterogeneous collection of
cells, a unique set of cell surface markers that were expressed on cancer stem cells were used
to define them.

The definition underwent revision when new experimental methods showed that turmori‐
genicity had been underassigned to a small group of cells due to limitations of the detection
technique used. When different experimental approaches were undertaken, tumorigenicity
was found to be widespread amongst phenotypically diverse cancer cells, resulting in a
paradigm shift in the definition of cancer stem cells. Hence in 2006, the American Associa‐
tion of Cancer Research (AACR) defined a cancer stem cell as any cancer cell that possessed
stem cell-like properties of unlimited self-renewal and multi/pluripotency. AACR specifical‐
ly highlighted that the definition of a cancer stem cell does not imply that such cells are de‐
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rived from the stem cells of the corresponding tissue. Also, a cancer stem cell does not have
to be that initial cell in the body that caused cancer. For example, a differentiated cell that
reacquires immortality through genetic mutations is considered a cancer stem cell. Thus any
cancer cell that possesses or acquires stemness which results in unlimited tumorigenic po‐
tential is considered a cancer stem cell.

More recently, interesting data has emerged demonstrating that partially differentiated can‐
cer cells, when exposed to a specific set of microenvironmental factors, can reacquire stem‐
ness [13]. Induction of stemness through this mechanism is reversible and could also result
in epigenetic modifications, which then becomes heritable. This finding would again modify
our understanding of the nature of cancer stem cell, suggesting that the cancer stem cell can
be a dynamic and reversible entity.

In this section, experimental data shaping the identification and definition of cancer stem
cells are presented in three parts. It begins with a description of early studies demonstrating
that cancer stem cells were found to be a small and distinct subpopulation of cancer. This is
followed by evidence suggesting that cancer stem cells can also be a highly common and
heterogeneous population of cancer cells. Finally, evidence that cancer stem cell is a dynam‐
ic and reversible entity in cancer is discussed.

1.1. Cancer stem cells: A distinct subpopulation of cancer cells

The concept of cancer stem cell is not new. The first experimental evidence for the existence
of cancer stem cell was in 1937 when Furth and Kahn injected a single leukemic cell from a
mouse into an inbred mouse and transmitted leukemia [14]. At that time, it was unclear if
every cancer cell or only a subpopulation of cancer cells possessed this ability to transmit. In
1994, a landmark experiment showed that only a subpopulation of cancer cells could trans‐
mit cancer [1]. John Dick and his group isolated cancer cells from patients with acute mye‐
loid leukemia (AML) and separated these cells based on their expression of CD34 and CD38.
In this study, transplanting half a million of CD34+CD38- cells into severe combined immu‐
nodeficiency (SCID) mice induced AML in mice within thirty days, while the same number
of CD34+CD38+ cells did not induce any AML in mice. The subpopulation of cancer cells
that could transmit cancer was termed SCID-leukemia initiating cells and was thought to be
amongst CD34+CD38- cells.

To determine the amount of the SCID-leukemia initiating cells within the CD34+CD38- cell
population, a quantitative transplantation approach was used [15]. The cancer cells were se‐
rially diluted and transplanted into NOD/SCID (non-obese diabetic/severe combined immu‐
nodeficiency) mice. The minimum dose required to cause leukemia was then determined.
Based on this experiment, it was found that there was about one cancer stem cell per 5,000
CD34+CD38- cells. This would mean that within a population of a million cancer cells, there
was about one cancer stem cell. The ability of cancer stem cell to self-renew was provided by
experiments that used the same transplantation approach described above, i.e. using human
leukemic cells and NOD/SCID mice [15]. In one of these experiments, the number of human
cancer stem cells in mice was initially found to be about three in 16 million leukemia cells.
However, after six weeks, human cancer stem cells had increased to about 100 cancer stem
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cells within a population of 20 million leukemia cells in the bone marrow of these mice. This
indicated that SCID-leukemia initiating cells in the mice had multiplied from three to a 100
and therefore behaved like stem cells, possessing unlimited self-renewal ability.

Evidence that cancer stem cells could differentiate into the rest of the cancer cell population
was provided by characterizing the CD34+CD38- cells after transplantation into NOD/SCID
mice [15]. Flow cytometry analysis of human cells isolated from the bone marrow of mice
showed that transplanting CD34+CD38- cells resulted in an increase in cancer cell popula‐
tion, of which 98% were positive for both CD34 and CD38. This differentiative capacity, to‐
gether with self-renewal ability, led to the conclusions that cancer stem cells existed and
formed a distinct subpopulation of cancer cells.

Following the identification of cancer stem cells in leukemia, a series of in vivo studies docu‐
menting the presence of cancer stem cells in other cancers came to light. These studies, sum‐
marized in Table 1, characterized human cancer-initiating cells by their surface markers and
were based mostly on the NOD/SCID mouse xenotransplantation assay. The table highlights
information regarding the frequency of expression of cancer-stem cell-associated markers in
the cancer cells, and the estimated frequency of the cancer stem cells residing in the cell pop‐
ulation that bears the cancer stem cell-associated markers. Based on these studies, it was es‐
timated that cancer stem cell existed in, at most, one in ten thousand cancer cells.
Importantly, it was shown that this small population of cancer stem cells had a distinct CD-
phenotype, which when fully defined would serve as the address for accurate delivery of
cytotoxic drugs.

In addition to the use of NOD/SCID mice, in vitro techniques that were previously used for
the isolation of normal stem cells were also used to isolate cancer stem cells. These techni‐
ques included the formation of non-adherent spheroids in tissue culture method [10] and
the exclusion of the fluorescent Hoechst dye method [16]. Both methods led to the identifica‐
tion of a subpopulation of cells that, when transplanted into mice, resulted in tumorigenici‐
ty. Hence both in vivo and in vitro studies suggested that tumorigenic cancer cells were
stem-like in phenotype.

1.2. Cancer stem cells are not ALWAYS a distinct subpopulation of cancer cells

After a decade of using human cancer cells with NOD/SCID mouse as a model for can‐
cer  stem  cell  detection,  there  were  concerns  of  incompatibility  issues  between  the  two
species with regards to the cytokines and receptors involved in cancer stem cell research.
Cytokines  and  receptors  from  different  species  could  prevent  critical  interactions  that
were  required  for  cancer  cells  to  survive.  Furthermore,  the  NOD/SCID mouse  immune
system, even though rendered compromised, could still mount some level of response to
reject  the  human cells,  thereby  potentially  resulting  in  erroneously  lower  count  estima‐
tion of cancer stem cell population.
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rived from the stem cells of the corresponding tissue. Also, a cancer stem cell does not have
to be that initial cell in the body that caused cancer. For example, a differentiated cell that
reacquires immortality through genetic mutations is considered a cancer stem cell. Thus any
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tential is considered a cancer stem cell.
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followed by evidence suggesting that cancer stem cells can also be a highly common and
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ic and reversible entity in cancer is discussed.
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mouse into an inbred mouse and transmitted leukemia [14]. At that time, it was unclear if
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nodeficiency) mice. The minimum dose required to cause leukemia was then determined.
Based on this experiment, it was found that there was about one cancer stem cell per 5,000
CD34+CD38- cells. This would mean that within a population of a million cancer cells, there
was about one cancer stem cell. The ability of cancer stem cell to self-renew was provided by
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cells within a population of 20 million leukemia cells in the bone marrow of these mice. This
indicated that SCID-leukemia initiating cells in the mice had multiplied from three to a 100
and therefore behaved like stem cells, possessing unlimited self-renewal ability.
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In addition to the use of NOD/SCID mice, in vitro techniques that were previously used for
the isolation of normal stem cells were also used to isolate cancer stem cells. These techni‐
ques included the formation of non-adherent spheroids in tissue culture method [10] and
the exclusion of the fluorescent Hoechst dye method [16]. Both methods led to the identifica‐
tion of a subpopulation of cells that, when transplanted into mice, resulted in tumorigenici‐
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Markers for enrichment of

cancer stem cells

Cancer type Cancer stem cell detection assay Ref.

CD34+ CD38- Leukemia

(0.02-2% of mononuclear

cells)a

2 of 2 NOD/SCID mice

(5,000 cells)b

[1,15]

CD44+

Lin-

Head and Neck cancer

(0.1-42%)

5 of 7 NOD/SCID mice

(5,000 cells)

[20]

CD44+ ESA+ CD24- or low Lin- Breast cancer

(2%)

4 of 4 NOD/SCID mice

(200 cells)

[2,4]

CD44+ CD24- ALDH1+ Lin- Breast cancer

(0.1-1.2%)

NOD/SCID mice

(20 cells)

[21]

CD44+ ESA+ CD24+ Pancreatic cancer

(0.2-0.8%)

6 of 12 NOD/SCID mice

(100 cells)

[12]

CD44+ ESAhigh CD166+ Colon cancer

(1.2-16%)

1 of 2 NOD/SCID mice

(150 cells)

[3]

CD44+ CD117+ Ovarian cancer

(0.2%)

9 of 10 nude mice

(100 cells)

[11]

CD133+ Brain cancer

(6-29%)

4 of 4 NOD/SCID mice

(100 cells)

[10]

Colon cancer

(1.8-24.5%)

5 of 6 NOD/SCID mice

(500 cells)

15 of 30 NOD/SCID mice

(3,000 cells)

[6]

[8]

Lung cancer

(0.32-22%)

4 of 4 SCID mice

(10,000 cells)

[5]

Pancreatic cancer

(1.1-3.2%)

Nude mice

(500 cells)

[22]

ABCB5+ Melanoma

(1.6-20.4%)

11 of 11 NOD/SCID mice

(1,000,000 cells)

[9]

Table 1. Experiments using markers for the enrichment of human cancer stem cells and xenotransplation assay for the
detection and quantification of human caner stem cells. An estimation of the population of cancer stem cell in a
tumor is given based. Epithelial-specific antigen (ESA) and ATP-binding cassette B5 (ABCB5) are surface markers.
Aldehyde dehydrogenase 1 (ALDH1) is an enzyme inside the cell. Lin refers to a collection of lineage markers CD2,
CD3, CD10, CD16, CD18, CD31, CD64 and CD140b. Mice were condition by irradiation prior to receiving the
transplantation. aPercentages of tumor cells expressing the selected markers. bMinimum number of surface-marker
expressing cells required to induce cancer in at least 50% of the mice.

To address these concerns, alternative experimental models were used. The first model used
mouse cancer cells instead of human cancer cells to circumvent the issue of cross species
barrier. One of these experiments involved transplanting mouse leukemic cells from trans‐
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genic mice bearing the oncogene Myc with the immunoglobulin heavy chain enhancer. Just
ten mouse leukemic cells were sufficient to induce cancer. Indeed, this experiment recapitu‐
lates the very first experiment in 1937 in which a single cancer cell from a chemically-in‐
duced cancer mouse was able to cause cancer in an inbred mouse [14,17]. This suggested
that cancer stem cells were not necessarily a small population of cancer cells but rather
could be more common than previously thought.

In the second model, human cancer cells continued to be used. However, they were trans‐
planted into mice that were rendered even more severely immunocompromised than NOD/
SCID mice [18]. In one such study where NOD/SCID ILR2γnull mice were used, 27% (and
hence more than a quarter) of single cell transplantation of human melanoma cells into the
mice resulted in cancer [18,19]. Importantly, this experiment showed that these cancer stem
cells were not associated with any of the surface markers that were previously characterized
(See Table 1). A total of 85 cell surface markers from these cancer stem cells were studied. Of
these, 22 cell surface markers showed heterogeneous expression within the cancer cell popu‐
lation of which none had an association with the capacity for tumor initiation. For example,
both CD133+ and CD133- cells were able to induce cancer [19]. In addition, the cancers that
resulted from both CD133+ and CD133- cancer cells created a population of cancer cells that
was heterogeneous in their expression of CD133. These findings implied that cancer stem
cells were both common and heterogeneous. Hence, these 2 models showed that cancer stem
cells were not a small, distinct subpopulation of cancer cells but rather a common and heter‐
ogeneous population of cancer cells in cancers such as melanoma.

Amidst the new findings that challenged the concept of cancer stem cells as a small, distinct
subpopulation of cancer cells, there were experiments which still showed that the cancer
stem cell subpopulation was indeed low, and not common and heterogeneous, even when
syngenic mice were used [23]. Interestingly, human experiments (which could not have been
conducted currently due to ethical reasons) provided evidence that when human cancer
cells were transplanted back into the human subject from whom the cancer cells originated,
the likelihood of cancer-initiation in the autologous human host is rare [24–26].

Taking all the evidence together, cancer stem cells are indeed a small and distinct subpopu‐
lation of cancer cells in some cancers, whereas in other cancers, cancer stem cells are com‐
mon and heterogeneous. An alternative explanation that could account for these varied
observations about cancer stem cells is that a cancer stem cell is not a static entity but rather
a state that cancer cells can transform into.

1.3. Cancer stem cells are dynamic

Even more recently, it has been shown that a partially differentiated cancer cell, under the
“right“ microenvironmental influence, can reacquire stemness [13]. This finding is crucial in
furthering our understanding of the cancer stem cell as a dynamic and reversible entity,
rather than a static one.

In a study on colorectal cancer, differentiated colorectal cancer cells were able to dedifferen‐
tiate back into cancer cells with cancer stem cell phenotype after being exposed to hepato‐
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genic mice bearing the oncogene Myc with the immunoglobulin heavy chain enhancer. Just
ten mouse leukemic cells were sufficient to induce cancer. Indeed, this experiment recapitu‐
lates the very first experiment in 1937 in which a single cancer cell from a chemically-in‐
duced cancer mouse was able to cause cancer in an inbred mouse [14,17]. This suggested
that cancer stem cells were not necessarily a small population of cancer cells but rather
could be more common than previously thought.

In the second model, human cancer cells continued to be used. However, they were trans‐
planted into mice that were rendered even more severely immunocompromised than NOD/
SCID mice [18]. In one such study where NOD/SCID ILR2γnull mice were used, 27% (and
hence more than a quarter) of single cell transplantation of human melanoma cells into the
mice resulted in cancer [18,19]. Importantly, this experiment showed that these cancer stem
cells were not associated with any of the surface markers that were previously characterized
(See Table 1). A total of 85 cell surface markers from these cancer stem cells were studied. Of
these, 22 cell surface markers showed heterogeneous expression within the cancer cell popu‐
lation of which none had an association with the capacity for tumor initiation. For example,
both CD133+ and CD133- cells were able to induce cancer [19]. In addition, the cancers that
resulted from both CD133+ and CD133- cancer cells created a population of cancer cells that
was heterogeneous in their expression of CD133. These findings implied that cancer stem
cells were both common and heterogeneous. Hence, these 2 models showed that cancer stem
cells were not a small, distinct subpopulation of cancer cells but rather a common and heter‐
ogeneous population of cancer cells in cancers such as melanoma.

Amidst the new findings that challenged the concept of cancer stem cells as a small, distinct
subpopulation of cancer cells, there were experiments which still showed that the cancer
stem cell subpopulation was indeed low, and not common and heterogeneous, even when
syngenic mice were used [23]. Interestingly, human experiments (which could not have been
conducted currently due to ethical reasons) provided evidence that when human cancer
cells were transplanted back into the human subject from whom the cancer cells originated,
the likelihood of cancer-initiation in the autologous human host is rare [24–26].

Taking all the evidence together, cancer stem cells are indeed a small and distinct subpopu‐
lation of cancer cells in some cancers, whereas in other cancers, cancer stem cells are com‐
mon and heterogeneous. An alternative explanation that could account for these varied
observations about cancer stem cells is that a cancer stem cell is not a static entity but rather
a state that cancer cells can transform into.

1.3. Cancer stem cells are dynamic

Even more recently, it has been shown that a partially differentiated cancer cell, under the
“right“ microenvironmental influence, can reacquire stemness [13]. This finding is crucial in
furthering our understanding of the cancer stem cell as a dynamic and reversible entity,
rather than a static one.

In a study on colorectal cancer, differentiated colorectal cancer cells were able to dedifferen‐
tiate back into cancer cells with cancer stem cell phenotype after being exposed to hepato‐
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cyte growth factor (HGF) [27]. Upon exposure, these cells showed increased colony-forming
ability (clonogenicity) and increased tumorigenicity. Biochemically, the cells exhibited an in‐
crease in the Wnt signaling pathway leading to the expression of β-catenin dependent genes.
This finding is important as HGF is present within the natural microenvironment of colorec‐
tal cancer as it is normally produced by myofibroblasts which are prominent in the colorec‐
tal stroma. Hence, given the right microenvironment, non-tumorigenic cancer cells can
become cancer stem cells.

Similarly, in a separate study using PDGF-induced glioma in mice, exposure to nitric oxide
caused differentiated glioma cancer cells to transform into glioma cancer stem cells [25].
Again, nitric oxide is normally present in the natural microenvironment of gliomas as nitric
oxide is produced by blood vessels. Hence glioma cancer cells in close proximity to brain
blood vessels were able to re-acquire stem-like properties. These two recent studies present‐
ed reiterate the concept that cancer stem cells are dynamic - cancer cells are able to trans‐
form back into cancer stem cells given the right micorenvironmental conditions.

1.4. Conclusions

Cancer stem cells are cancer cells that have self-renewable and multi or pluripotent abilities.
Our current understanding is that cancer stem cells can be a distinct subpopulation of cancer
cells in certain cancers while in other cancers, they can be relatively common and heteroge‐
neous. They are also dynamic in nature.

Understanding the defining characteristics of cancer stem cells is important as these have
important therapeutic implications. In cancers in which the cancer stem cells form a distinct
subpopulation, eliminating this subpopulatuion of cancer stem cells can potentially lead to a
cure. In contrast, targeting one specific group of cancer stem cells in cancers in which the
cancer stem cells are common and heterogeneous would be futile. In addition, learning
more about the microenvironmental factors that promote the cancer stem cell state provides
another interesting approach in finding a cure for cancer.

2. Cancer stem cell: The survivor

Chemotherapeutic agents against cancer are able to reduce tumor mass significantly but of‐
ten a cure may not be achievable. In such cases, a cure is not possible due to a subpopulation
of cells that are resistant to cancer drugs. The cancer stem cells amongst this resistant popu‐
lation then self-renew, proliferate and metastasize to cause relapse after treatment. In addi‐
tion to understanding the defining characteristics of cancer stem cells for therapeutic
purposes, a working knowledge of the molecular mechanisms of drug-resistance in cancer
stem cells will empower researchers to better design new therapeutic agents that can over‐
come drug resistance. We will also explore the mechanism for metastasis in cancer stem
cells, which serves as another potential therapeutic target.
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2.1. Drug resistance

Normal stem cells have traits that confer high survival capacity under harsh environments.
These include (1) cell quiescent, (2) active DNA-repair system, (3) expression of transporters
that keeps toxic substances out, (4) high metabolism in detoxification, and (5) resistance to
apoptosis. These mechanisms are thought to be employed by cancer stem cells, in addition
to genetic mutations, to evade anti-cancer drugs.

2.1.1. Cell quiescence

Chemotherapeutic cancer drugs such as vincristine, vinblastine, paclitaxel and docitaxel
works by arresting cancer cells in mitosis, thus leading to apoptosis [28]. One hypothesis to
explain resistance of cancer stem cells to these drugs is that cancer stem cells are in a quies‐
cent state. Indeed, quiescent cancer stem cells have been shown to exist in some cancers [29].
Moreover, drug resistance in slow-cycling cancer stem cell population has also been report‐
ed [30,31]. In addition to cell quiescence, cancer stem cells are likely to have other mecha‐
nisms for drug resistance as discussed below.

2.1.2. DNA-repair

Ionizing radiation and anti-cancer drugs that disrupt the genome kill cancer cells by target‐
ing their DNA. Cancer stem cells have efficient DNA-repair systems that confer resistance to
these anti-cancer agents. A study on glioblastoma demonstrated that cancer stem cells, iden‐
tified by their expression of CD133, showed preferential activation of the DNA damage
check point response resulting in an increase in their DNA repair capacity [32]. The study
also shows that both in vitro as well as mouse brain samples of cancer cells have increased
the proportion of CD133-positive cells to CD133-negative cells following radiotherapy. This
suggested that the subpopulation of CD133-positive, i.e. cancer stem cells, had developed
resistance to radiotherapy and were the cause of cancer relapse in the mouse.

2.1.3. Drug transporters

A third mechanism of drug resistance is the expression of transporters of the ATP-binding
cassette (ABC) family. ABC transporters are efflux pumps that can actively expel a wide
range of chemotherapeutic drugs from the cell. ABC transporters are expressed in both nor‐
mal stem cells and cancer stem cells. Three members of this family of ABC transporters,
ABCB1, ABCC1 and ABCG2 have been identified as the culprits of multidrug resistance in
many cancers.

A study on neuroblastoma patients illustrates how cancer stem cells use the efflux transport‐
er, ABCG2 to protect themselves from anti-cancer drugs. In this study, cells expressing
ABCG2 were identified by the fluorescent Hoechst dye 33342, in flow cytometry, as a “side
population“ (SP) of cells that did not take up this dye. A previous study had shown that
cancer stem cells reside in the SP fraction of neuroblastoma [10]. SP cells from neuroblasto‐
ma patients showed increased efflux of mitoxantrone when compared to non-SP cells. Also,
treatment of neuroblastoma cell lines with mitoxantrone led to an increase in the proportion

The Dark Side of Pluripotency – Cancer Stem Cell
http://dx.doi.org/10.5772/54369

71



cyte growth factor (HGF) [27]. Upon exposure, these cells showed increased colony-forming
ability (clonogenicity) and increased tumorigenicity. Biochemically, the cells exhibited an in‐
crease in the Wnt signaling pathway leading to the expression of β-catenin dependent genes.
This finding is important as HGF is present within the natural microenvironment of colorec‐
tal cancer as it is normally produced by myofibroblasts which are prominent in the colorec‐
tal stroma. Hence, given the right microenvironment, non-tumorigenic cancer cells can
become cancer stem cells.

Similarly, in a separate study using PDGF-induced glioma in mice, exposure to nitric oxide
caused differentiated glioma cancer cells to transform into glioma cancer stem cells [25].
Again, nitric oxide is normally present in the natural microenvironment of gliomas as nitric
oxide is produced by blood vessels. Hence glioma cancer cells in close proximity to brain
blood vessels were able to re-acquire stem-like properties. These two recent studies present‐
ed reiterate the concept that cancer stem cells are dynamic - cancer cells are able to trans‐
form back into cancer stem cells given the right micorenvironmental conditions.

1.4. Conclusions

Cancer stem cells are cancer cells that have self-renewable and multi or pluripotent abilities.
Our current understanding is that cancer stem cells can be a distinct subpopulation of cancer
cells in certain cancers while in other cancers, they can be relatively common and heteroge‐
neous. They are also dynamic in nature.

Understanding the defining characteristics of cancer stem cells is important as these have
important therapeutic implications. In cancers in which the cancer stem cells form a distinct
subpopulation, eliminating this subpopulatuion of cancer stem cells can potentially lead to a
cure. In contrast, targeting one specific group of cancer stem cells in cancers in which the
cancer stem cells are common and heterogeneous would be futile. In addition, learning
more about the microenvironmental factors that promote the cancer stem cell state provides
another interesting approach in finding a cure for cancer.

2. Cancer stem cell: The survivor

Chemotherapeutic agents against cancer are able to reduce tumor mass significantly but of‐
ten a cure may not be achievable. In such cases, a cure is not possible due to a subpopulation
of cells that are resistant to cancer drugs. The cancer stem cells amongst this resistant popu‐
lation then self-renew, proliferate and metastasize to cause relapse after treatment. In addi‐
tion to understanding the defining characteristics of cancer stem cells for therapeutic
purposes, a working knowledge of the molecular mechanisms of drug-resistance in cancer
stem cells will empower researchers to better design new therapeutic agents that can over‐
come drug resistance. We will also explore the mechanism for metastasis in cancer stem
cells, which serves as another potential therapeutic target.

Pluripotent Stem Cells70

2.1. Drug resistance

Normal stem cells have traits that confer high survival capacity under harsh environments.
These include (1) cell quiescent, (2) active DNA-repair system, (3) expression of transporters
that keeps toxic substances out, (4) high metabolism in detoxification, and (5) resistance to
apoptosis. These mechanisms are thought to be employed by cancer stem cells, in addition
to genetic mutations, to evade anti-cancer drugs.

2.1.1. Cell quiescence

Chemotherapeutic cancer drugs such as vincristine, vinblastine, paclitaxel and docitaxel
works by arresting cancer cells in mitosis, thus leading to apoptosis [28]. One hypothesis to
explain resistance of cancer stem cells to these drugs is that cancer stem cells are in a quies‐
cent state. Indeed, quiescent cancer stem cells have been shown to exist in some cancers [29].
Moreover, drug resistance in slow-cycling cancer stem cell population has also been report‐
ed [30,31]. In addition to cell quiescence, cancer stem cells are likely to have other mecha‐
nisms for drug resistance as discussed below.

2.1.2. DNA-repair

Ionizing radiation and anti-cancer drugs that disrupt the genome kill cancer cells by target‐
ing their DNA. Cancer stem cells have efficient DNA-repair systems that confer resistance to
these anti-cancer agents. A study on glioblastoma demonstrated that cancer stem cells, iden‐
tified by their expression of CD133, showed preferential activation of the DNA damage
check point response resulting in an increase in their DNA repair capacity [32]. The study
also shows that both in vitro as well as mouse brain samples of cancer cells have increased
the proportion of CD133-positive cells to CD133-negative cells following radiotherapy. This
suggested that the subpopulation of CD133-positive, i.e. cancer stem cells, had developed
resistance to radiotherapy and were the cause of cancer relapse in the mouse.

2.1.3. Drug transporters

A third mechanism of drug resistance is the expression of transporters of the ATP-binding
cassette (ABC) family. ABC transporters are efflux pumps that can actively expel a wide
range of chemotherapeutic drugs from the cell. ABC transporters are expressed in both nor‐
mal stem cells and cancer stem cells. Three members of this family of ABC transporters,
ABCB1, ABCC1 and ABCG2 have been identified as the culprits of multidrug resistance in
many cancers.

A study on neuroblastoma patients illustrates how cancer stem cells use the efflux transport‐
er, ABCG2 to protect themselves from anti-cancer drugs. In this study, cells expressing
ABCG2 were identified by the fluorescent Hoechst dye 33342, in flow cytometry, as a “side
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of SP cells to non-SP cells, suggesting that ABCG2 conferred a survival advantage to cancer
stem cells [33]. Similarly, in acute myeloid leukemia, SP cells derived from mononuclear
cells in bone marrow of patients showed an increase efflux of daunorubicin and mitoxan‐
trone when compared to non-SP cells [34]. Taken together, these findings suggest that can‐
cer stem cell uses efflux transporters to guard against anti-cancer drugs.

2.1.4. High detoxification activity

Aldehyde dehydrogenase I (ALDH1) is a detoxifying enzyme that oxidizes intracellular ald‐
hydes and is a marker of normal stem cell. Cancer stem cells from acute myeloid leukemia
and breast carcinoma are known to have high levels of ALDH1. [21]. In breast cancer pa‐
tients undergoing chemotherapy with paclitaxel and epirubicin, it was found that the pro‐
portion of ALDH1-positive cancer cells increased significantly post treatment, resulting in
treatment failure[35]. A high ALDH1 level is thus associated with poor clinical outcomes.
This finding indicates that new therapeutic agents must be able to overcome the detoxifica‐
tion prowess of cancer stem cells in order to be effective.

2.1.5. Blockage of apoptosis

Blockage of apoptosis is a major mechanism for drug resistance as it offers protection
against any therapy that results in cell destruction. This ability to prevent apoptosis from oc‐
curring in cancer stem cell is mediated by both inherent cellular factors and extrinsic micro‐
environmental factors.

Inherent cellular factors are important in blocking the apoptotic process. In a study on can‐
cer stem cells (isolated via CD133) from glioblastoma, exposure of cancer cells to conven‐
tional chemotherapeutics such as temozolomide, carboplatin, paclitaxel and etoposide,
showed that CD133-positive cells had higher viability compared to CD133-negative cells
[36]. In contrast to CD133-negative cells, CD133-positive cells had higher mRNA levels of
the anti-apoptotic proteins, such as B-cell lymphoma (Bcl) -2 and -XL proteins, inhibitors of
apoptosis proteins (IAPs), FLICE-like inhibitory protein (FLIP) and Sirtuin 1 (SIRT1). In ad‐
dition, CD133-positive cells had lower mRNA level of the pro-apoptotic protein, including
Bcl-2 associated X protein (BAX). In a separate study on colon cancer, autocrine production
of interleukin-4 (IL4) by CD133-positive colon cancer cells was found to prevent apoptosis
of cancer stem cells from occurring when conventional chemotherapeutics and a recombi‐
nant protein called TNF-related apoptosis-inducing ligand (TRAIL) were used [37]. These
findings show that cancer stem cells have an armament of proteins to protect themselves
from undergoing apoptosis.

In some cancers, resistance to apoptosis is highly dependent on extrinsic microenvironmen‐
tal factors. For example, culturing ovarian cancer cells under stem cell culture conditions led
to formation of spheroid cultures of cells that were self-renewing and resistant to cisplatin
and paclitaxel [38]. However, this resistance was lost once the cells were cultured under a
different set of conditions. One extrinsic factor that has been recognized as the main cause
for resistance to cancer therapeutics is hypoxia. The normal stem cell niche has been associ‐
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ated with a hypoxic microenvironment. Expression of hypoxia-inducible factors (HIF) are
important as these factors regulate stem cell self-renewal and pluripotency [39]. Although
not well studied in cancer stem cells per se, the role of HIF in regulating apoptosis has been
shown in cancer cell cultures. HIF directly regulates the transcription of anti-apoptotic genes
such as myeloid cell leukemia 1 (MCL-1) and B-cell lymphoma extra-large (BCL-XL) [40,41].
Hypoxia also results in a lower level of reactive oxygen species (ROS) in the cell. A lower
level of ROS leads to a decrease in activation of caspase-8, a decrease in expression of pro-
apoptotic receptor TRAIL-R2 and an increase expression of pro-survival proteins like cFLIP
and BCL-2 [42,43].

Besides the extrinsic chemical factors described above, another type of extrinsic factor that
blocks apoptosis is the stimulating ligands produced by neighboring cells. The hematopoiet‐
ic niche has been found to confer resistance to leukemic cells via adhesion molecules such as
integrins and soluble molecules of the Wnt pathway [44]. Wnt, Notch and Hedgehog are de‐
velopmental regulatory molecules that are increasingly shown to be involved in cancer stem
cell self-renewal, growth and differentiation [27,45–50]. Therapeutics targeting factors of
these pathways are currently undergoing clinical trials and have shown promising results in
eliminating cancer stem cells that are resistant to existing therapies.

2.2. Metastasis

Tumorigenicity is an essential characteristic that metastatic cancer cells must possess in or‐
der to initiate tumor formation after metastasizing to a distant site. Hence, it can be assumed
that cancer stem cells are responsible for metastasis as they have tumorigenic properties by
definition. Recent findings suggest that not all cancer stem cells have the capacity to meta‐
stasize. Rather, this capacity is confined to a subset of cancer stem cells. Cancer stem cells
(identified by their CD 133 marker) isolated from pancreatic cancer patients were found to
contain a subset of cells that expressed CXCR4, the receptor for stromal-cell derived factor 1
(SDF-1). These cancer stem cells that expressed CXCR4 were able to induce tumors in mice,
spread via the blood circulation and cause liver metastasis. On the other hand, cancer stem
cells that were CXCR4-negative were only able to induce tumors in mice, failing to spread
and cause metastasis [22]. In light of this finding, therapies targeting this subset of cancer
stem cells could prevent metastasis.

2.3. Conclusions

The multitude of research in cancer stem cell has deepened our understanding in this field.
We present a schema (figure 1) that summarizes the literature in cancer stem cell research
from a therapeutic perspective. This schema illustrates that targeting cancer cells with tu‐
morigenic abilities, i.e. cancer stem cells, is not enough. It is the problematic subset of resist‐
ant cancer stem cells (outlined black in figure 1) that accounts for failure of current cancer
therapies. Overcoming resistance in cancer stem cells is crucial and we have described sev‐
eral mechanisms that cancer stem cells use to stem our efforts for a cure. One innovative ap‐
proach to eliminate resistant cancer stem cells is differentiation therapy, where cancer stem
cells are made to differentiate, thereby losing their resistant capabilities [51].
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Figure 1. Properties of cancer cells. The subset of tumorigenic cells that are also drug-resistant should be targeted to
ensure elimination of cancer.

3. Molecular targets for cancer therapy

3.1. Current clinical drug trials targeting cancer stem cells

Translating research from bench to bedside is perhaps the most challenging and rewarding
part of science. The development of drugs against cancer stem cell is an exciting field with
many different, innovative approaches. In this section, a review of the drugs that have al‐
ready reached clinical trials is presented (Table 2).

One approach is the targeting of the cancer stem cell machinery. An example of this ap‐
proach is the telomerase inhibitors. Telomeric inhibitors block replication and a clinical can‐
didate Imetelstat have shown efficacy in cancer stem cells [52]. As a bonus, telomerase
inhibitors are expected to also target the bulk of the tumor. Importantly, unlike normal stem
cells, cancer stem cells express higher levels of telomerase [53]. Hence this could potentially
be a drug that targets cancer stem cells without hurting normal stem cells.

In a second approach the targeting of the cancer stem cell phenotype, the immunogenic-re‐
sponse that ironically had been a problem to researchers in the detection of cancer stem cells
using the mouse model, has become a solution against cancer stem cells. In a study in which
cancer stem cells were injected into immunocompetent syngenic mice, cancer stem cells in‐
duced antitumor response more effectively than unselected cancer cells [54]. This finding is
important and has led to the development of various clinical candidates by three different
pharmaceutical companies. These candidates, all of which are currently in clinical trials,
were developed based on cancer stem cell-associated proteins. These proteins serve as anti‐
gens to evoke an immune response against cancer stem cells. In essence, these proteins act as
vaccines against cancer stem cells. Immunocellular Therapeutics has developed a dendritic-
based vaccine comprising dendritic cells that were obtained from patients and primed in vi‐
tro by two CD133-peptides. This vaccine has just recently been approved for phase I clinical
trials. Using the same approach, other clinical candidates were developed by two pharma‐
ceutical companies. Instead of obtaining dendritic cells from patients, peptides of cancer
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stem cell antigens were injected directly into patients to prime the immune system against
cancer stem cells. The peptides used in these vaccinations are found in both cancer stem
cells and non-stem cancer cells. One of these antigens is Wilms’ Tumor 1 (WT1). WT1 is a
transcription factor that is expressed in leukemia. Although a direct association between
WT1 and the leukemic stem cell has never been shown, WT1 however, has been associated
with the CD34+CD38- cell population which is thought to harbor the hematopoietic stem
cell [55] and also the leukemia stem cell [15].

Drug target Drug name Cancer Stage Company

Undisclosed Cancer stem cell inhibitor

BBI608

Colorectal cancer Entering Phase III Boston Biomedicals, Inc

Telomerase (inhibitor) Imetelstat Broad range Phase II Geron Corporation

CD-133 Dendritic cell-based vaccine

ICT-121

Glioblastoma Entering phase I ImmunoCellular

Therapeutics Ltd.

Focal adhesion kinase

(inhibitor)

VS6063 Advance solid

tumors

Phase I

completed

Verastem and Pfeizer

Wilms Tumor 1 Peptides from Wilms Tumor 1

(FPI-01)

Leukemia and

mesothelioma

Phase II Formula

Pharmaceuticals

EphA3 Human monoclonal antibody

(KB004) binds EphA3

Leukemia Phase I KaloBios

Pharmaceuticals, Inc.

Notch pathway Anti-DLL4 (demcizumab) Solid Tumors Phase I OncoMed

Anti-Notch2/3 (OPM-59R5) Solid tumors Phase I

Wnt pathway Anti-Fzd7 (OMP-18R5, binds 5

Frizzled receptors)

Solid Tumors Phase I

Truncated Frizzled 8-Fc fusion

protein

(OMP-54F28)

Advance solid tumor

cancers

Phase I

Undisclosed cancer

stem cell antigen

Peptides vaccine (SL401 and

SL701)

Advance leukemia

and advance brain

cancer

Phase I/II

completed

Stemline Therapeutics

Table 2. Current clinical drug trials in cancer stem cell therapy

A third approach is the targeting of the cancer stem cell and its microenvironment. Anti-
EphA3 antibody is a clinical candidate against cancer stem cell that has been developed by
KaloBios. This antibody treatment is now in phase I trial. EphA3 expression is found in preB
leukemia cell line and in a subset of samples from leukemia patients [56]. There is no direct
evidence that links EphA3 expression to the leukemic stem cells, however, in an in-house
study by KaloBios, incubating anti-EphA3 with cancer cells leads to the cancer cells losing
their ability to form colonies in vitro, suggesting that the antibody was active against cancer
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stem cells. In addition, the antibody was also found to bind to EphA3 that was expressed on
cancer vasculature cells as well as cancer stromal cells. The binding was reported to cause
cell-cell repulsion, resulting in the destruction of new vessels and failure to establish a can‐
cer stromal environment [57]. This strategy, which targets a protein that is found in cancer
stem cell, cancer stromal cells and cancer vasculature cells, would be “killing-three-birds-
with-one-stone“. Other clinical candidates that are based on a similar approach have also
been developed via targeting the Wnt pathway and the Notch Pathway instead [47–50].

3.2. Potential new targets – Insights from Pluripotent Stem cells

The discovery that transcription factors, namely, Oct4, Sox2, Klf4 and c-Myc, can induce
pluripotency in a differentiated adult cell [58], accelerated the understanding of the molecu‐
lar machinery driving pluripotent stem cells. Systems biology approaches based on these
transcription factors generated genome-wide regulatory networks that are thought to be the
supporting framework for an embryonic stem cell state. These data serves as a rich resource
in furthering our understanding of the cancer stem cell.

In a recent study of regulatory networks in embryonic stem cell, analysis of the protein-pro‐
tein interactions of key transcription factors and the downstream targeted genes revealed
that the embryonic stem cell regulatory network can be divided into three independent
modules (Figure 2). The three modules are the core module, the c-Myc module and the Poly‐
comb Repressive Complex (PRC) module. The core module comprises genes that are regu‐
lated by the embryonic stem cell-specific transcription factor Oct4 and Oct4-associated
proteins while the PRC module comprises genes that are repressed by the PRC. The Myc-
module comprises genes that are regulated by c-Myc and its associated proteins. Proper
functioning of all three modules are essential for having a normal pluripotent stem cell [59].

Using the 3-module model to study the genes expressed in bladder cancer and breast cancer
samples, it was found that the Myc module was more active in cancers while that of the core
module was more repressed, when compared to normal urothelium obtained from a distant
site of the cancer [61,62]. This suggested that in cancer cells, the Myc module is re-activated
but is not balanced by a core module. It should be noted that this comparison was done with
the heterogeneous cancer cell population and not the cancer stem cell population. Repeating
the same characterization analysis on cancer stem cell samples will likely highlight the key
differences between the regulatory network of cancer stem cells and that of normal pluripo‐
tent stem cells. These differences could become potential targets for anti-cancer therapy.

Factors that are crucial for the maintenance of pluripotent stem cell have been found to be
involved in cancer. Hypoxia-inducible factors (HIFs) have been found to be important in
pluripotent stem cell [39,63]. Studies now show that HIFs could be the key factor in switch‐
ing on the pluripotency machinery in cancer cells to form cancer stem cells [64]. In an experi‐
ment where glioma cells and cervical cells were exposed to HIFs, activation of the
embryonic stem cell marker, Oct4, was observed [65]. Subjecting glioma cells to hypoxia re‐
sulted in an increase in the level of CD133 mRNA [65]. In samples from glioma patients,
subjecting the CD133-positive fraction to hypoxia resulted in increased mRNA levels of
OCT4, NANOG and cMYC. Interestingly, when CD133-positive and negative fractions were
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cultured under hypoxic conditions, embryonic stem cell-association gene expression and
formation of neuroshpere were seen in both fractions [65]. Thus, low levels of oxygen pro‐
motes the transformation of cancer cells into cancer stem cells by activating the pluripotency
machinery in cancer cells with expression and repression of modules that are similar in pro‐
file to embryonic cells. This should be taken into consideration when targeting cancer cells.
Studies on HIF have shown that both HIF-1α and HIF-2α h are associated with cancer.
HIF-1α has been shown to play a role in angiogenesis [66] and anti-angiogenesis therapies
targeting HIF-1α have been undertaken [67,68]. In contrast, recent findings suggest that
HIF-2α is involved in the triggering of stemness in cancer which in turn promotes cancer
growth and aggressiveness [69]. Hence a potential pathway to target cancer stem cell will be
the HIF-2α-mediated pathway.

Figure 2. The three sets of genes that are activated or repressed by distinct sets of transcriptional regulators. Induce
pluripotent stem (iPS) cells show similar gene expression profile as embryonic stem (ES) cells. Mouse embryonic fibro‐
blast (MEF) represents a set of differentiated cells and shows a profile that is opposite to that of ES cells. Analysis of
the profile in cancer highlights a pluripotency machinery in which the core module has been suppressed and the Myc
module overactivated. Figure is a reprint of the graphical abstract provided by Kim et al [60] (Reprinted with permis‐
sion from Cell Press)

Knowledge garnered from studies on pluripotent stem cell provides a rich resource for can‐
cer stem cell research and paves the way in identifying novel key targets for cancer therapy.
Targeting molecules or pathways specific to embryonic stem cells gives us the opportunity
to kill cancer cells without harming innocent bystander cells.
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Knowledge garnered from studies on pluripotent stem cell provides a rich resource for can‐
cer stem cell research and paves the way in identifying novel key targets for cancer therapy.
Targeting molecules or pathways specific to embryonic stem cells gives us the opportunity
to kill cancer cells without harming innocent bystander cells.
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4. Summary

Research in cancer is immense and complex as cancer is a diverse disease with a myriad of
genetic mutations. A pressing practical concern in cancer therapeutics is the development of
resistance of cancer cells to current treatment, resulting in failure of therapy and eventual
death. In the last two decades, cancer stem cell hypothesis has emerged as the likely reason
for this resistance in cancer. We now understand that cancer stem cells are present in differ‐
ent cancers. They can be a small, distinct population characterized by certain phenotypes in
some cancers while heterogeneous and with no defining phenotypes in others. Cancer stem
cells can also result from cancer cells under the influence of environmental factors such as
hypoxia. They are also highly resistant to cancer drugs with several mechanisms employed
for enhanced survival. Research into stem cells and pluripotency regulatory networks will
provide further characterization and understanding of cancer stem cells. The information on
cancer stem cells has pieced together a therapeutic framework to address cancer resistance
with several potential therapies in clinical trials currently. So much more needs to be done
in this field in our quest to conquer cancer totally.
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4. Summary

Research in cancer is immense and complex as cancer is a diverse disease with a myriad of
genetic mutations. A pressing practical concern in cancer therapeutics is the development of
resistance of cancer cells to current treatment, resulting in failure of therapy and eventual
death. In the last two decades, cancer stem cell hypothesis has emerged as the likely reason
for this resistance in cancer. We now understand that cancer stem cells are present in differ‐
ent cancers. They can be a small, distinct population characterized by certain phenotypes in
some cancers while heterogeneous and with no defining phenotypes in others. Cancer stem
cells can also result from cancer cells under the influence of environmental factors such as
hypoxia. They are also highly resistant to cancer drugs with several mechanisms employed
for enhanced survival. Research into stem cells and pluripotency regulatory networks will
provide further characterization and understanding of cancer stem cells. The information on
cancer stem cells has pieced together a therapeutic framework to address cancer resistance
with several potential therapies in clinical trials currently. So much more needs to be done
in this field in our quest to conquer cancer totally.
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1. Introduction

Stem cells, characterized by their ability for self-renewal and differentiation, have been derived
from the embryo and from various postnatal animal sources. They are usually classified
according to their developmental potential. Totipotency is defined as the ability of a single cell
to replicate and produce all differentiated cells in an entire organism, including extraem‐
bryonic tissues that will develop and differentiate into the fetal placenta and fetal membranes
[1,2]. In plants, spores are totipotent cells. In some cases, cells can de-differentiate and regain
their totipotency. For instance, a plant cutting or callus can be utilized to grow an entire
functional plant [3]. In mammals, only the zygote and early blastomeres are totipotent cells
[4-7]. In other words, an individual cell is capable to generate a functionally normal animal
with fertile ability [8-10]. Mouse embryonic stem (ES) cells, typically derived from inner cell
masses (ICMs) or corresponding earlier blastomeres or later epiblasts (develop to embryo
proper), are an example of pluripotent cells that can self-renew and generate all types of body
cells in vivo and in vitro, but cannot generate the extraembryonic trophoblast lineage [11-14].
Under some particular conditions, an ES cell-derived mouse with germline transmission can
be generated routinely [15-21]. Multipotent cells, such as hematopoietic stem cells, can give
rise all cell types within a particular lineage. Spermatogonial stem cells are unipotent stem
cells, as they can only form sperm [22].

In recent years, major improvements in deriving mouse ES cell (ESC) lines have dramatically
increased success rates. Therefore, this chapter reviews and discusses the conditions and
techniques for derivation and cultivation of mouse ES cell (mESC) lines. Thereafter, a proposed
novel and user-friendly protocol that is efficient, reproducible, easy to carry out and relatively
cheap is presented.

© 2013 Lee; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Lee; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Conditions for derivation of mouse embryonic stem cells (mESCs)

Since the first mouse ES cell lines were described [23,24], various empirical combinations of
conditions and techniques for derivation and cultivation of mESCs from blastocysts and
isolated ICMs have been developed [25-27]. Of which, selected batches of fetal bovine serum
(FBS), inactivated STO (a SIM mouse embryonic fibroblast line resistant to 6-thioguanine and
ouabain) or murine embryonic fibroblast (mEF) feeder cells, conditioned media, mouse strains,
embryo status, and different small growth areas of wells to initiate cultivation are the principal
concerns when deriving mESCs [27].

To support fetal growth and development, FBS contains mixed combinations of cell replication
stimulators and cell differentiation inducers. Notably, FBS is a biological product, such that its
biopotency to support mESCs varies from batch to batch. Therefore, to circumvent interference
from differentiation factors and other disadvantages associated with FBS, chemically defined
KnockOut™ serum replacement (KSR) [28] and N2B27 [29,30] were developed to replace FBS.
That is, when culturing established mESCs, KSR and N2B27 are usually as effective as FBS.
Unfortunately, embryos in the KSR ESC medium do not result in effective derivation of ESCs
[28,31]. However, a chemically defined ESC medium containing differentiation inhibitors has
much better efficiency than the FBS ESC medium when deriving mESCs [31].

Zygotes to hatched embryos and blastomeres, ICMs, or epiblasts of early-stage embryos can
be used to establish mESCs [31,32]. These cells have extremely high capability for cell division
and differentiation. Theoretically, inhibiting endogenous differentiation and maintaining or
enhancing proliferation of pre-implantation embryos can be helpful for the establishment of
ES cell lines. In 1988, researchers have found that leukemia inhibitory factor (LIF) assists in the
derivation and maintenance of mESCs pluripotency [33,34]. However, when protocols and
media containing LIF for mESCs derivation are applied to mouse strains other than 129s,
efficiency declines from about 20% to less than 5% [35-38]. Furthermore, ESC media supple‐
mented with LIF are not good for deriving ESCs other than mESCs [39,40]. Since then,
regulatory mechanisms, pathways, and signal transduction of self-renewal, differentiation,
proliferation, and apoptosis have been investigated [41,42]. Additionally, the corresponding
synthesized inhibitors and/or stimulators/inducers/enhancers of stem cells [43-47] have been
investigated intensively.

In the early 1990s, as the specificity of developed inhibitors was not sufficiently strong, their
effectiveness in inhibiting differentiation and then helping to establish mESCs were not
satisfactory and culturing results were inconsistent. More recent year, a breakthrough result
was reported. Following the progresses, using the novel mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) kinase (MEK) inhibitor PD0325901 or
SU5402 to eliminate differentiation-inducing signaling from MAPK and using the glycogen
synthase kinase 3 (GSK3) inhibitor CHIR99021 to enhance ESC growth capacity and viability
helped dramatically in establishing mESC lines [48]. Accordingly, ES cell lines of the second
mammalian species (rat) with germline transmission have been reported [49,50]. The combi‐
nation of MEK inhibitor PD0325901 and GSK3 inhibitor CHIR99021 (2i) also appears to
improve the generation efficiency of induced pluripotent stem cells (iPSCs) [51].
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To date, the success rate in establishing mESCs via whole embryos is usually more than 50%,
regardless of the mouse strains used [31,52-58]. Further progress in the derivation of mESCs
from whole early-stage embryos seems limited. Conversely, the success rate in establishing
mESCs via isolated single blastomeres is relatively low and highly variable [31,59]. Although
the success rates in some reports are approximately 30% [59,60], it cannot be the routine yet
due to the variable results.

2.1. Fetal bovine serum (FBS) vs. serum replacement (SR)

To date, FBS, with its excellent nutrient mixture, remains the most important and universal
component for propagating cells. Additionally, FBS contains growth factors that support ESCs.
However, FBS also contains potential differentiation factors for ESCs [61-64]. Therefore, testing
and then selecting batches of FBS to support the growth of undifferentiated ESCs is necessary.
Otherwise, qualified ESC-grade FBS, which is more costly than conventional FBS, can be used.

To support mESCs, the biopotency of FBS (a biological product) varies from batch to batch.
Additionally, its supply worldwide is sometimes limited and it is expensive. Furthermore,
animal-originated materials risk introducing adventitious agents into a cell culture system.
Therefore, to circumvent interference from differentiation factors and other disadvantages of
FBS, chemically defined KSR was developed for use in place of FBS [28].

Although KSR is a commercial product, its formula remains unknown. With its well-defined
chemical formula, N2B27, can replace KSR and achieve almost the same deriving and main‐
taining ESCs results [48,65]. Originally, N2B27 is an empirically mixed formulation that
provides optimum cell viability and efficient neural differentiation [29,30].

Conventional ESC media usually contain 15–20% FBS or 10% FBS plus 10% newborn serum.
For a chemically defined ESC medium, FBS can be replaced completely by KSR or N2B27;
otherwise, 5–15% FBS can be replaced by SR. When changing FBS to a new batch, the ESCs
sometimes have to adapt gradually to the new batch. For example, one can mix 50% old FBS
with 50% new FBS and allow the ESCs to acclimatize to the new medium. Generally, ESCs can
be changed easily from serum replacement (SR) to FBS ESC media by sequential adaptation
with approximately three passages. Reversely, acclimatizing ES cells from the FBS to the SR
ESC medium is sometimes difficult and can fail. When one is switching to a serum-free cell
culture, sequential adaptation for approximately 4–5 passages is required.

Notably, FBS, a good buffer, is a complex solution that contains many chemicals and proteins
with different molecular weights. Therefore, mESCs in FBS-free medium are more sensitive to
extremes of pH, osmolarity, enzyme treatment, and mechanical forces. Furthermore, a 5- to
10-fold lower antibiotics concentration is used in an FBS-free medium because serum proteins
typically bind a certain amount of the antibiotic; without these serum proteins, the antibiotic
concentration may be toxic to mESCs.

After passing mESCs in a SR ESC medium, centrifugation is necessary to remove trypsin from
the cell suspension to avoid further digestion of cells due to the lack of trypsin inhibitors in
the medium. For convenience, enzymes that can stop digestion due to the decreased concen‐
tration will be a good alternative to trypsin. TrypLE™, a recombinant enzyme derived from
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microbial fermentation, can stay at room temperature (RT) before expiration. My laboratory
routinely uses TrypLE™ Express to pass mESCs during derivation and maintenance with good
outcomes [31].

2.2. Feeder cells

The ESCs are extremely sensitive to culture conditions, including properties of culture media
and dishes, when maintaining pluripotency without differentiation. Unfortunately, commer‐
cially available plates and dishes are not adequate for ESCs.

In the 1970s, pluripotent teratocarcinoma (stem) cell lines were established after introduction
of a cell feeder layer [66-68]. Feeder (helper) cells have since been used to help study terato‐
carcinoma stem cells and embryonal carcinoma (EC) cells. The STO feeder cells then demon‐
strated to help derive the first mESCs [23] and maintain mESCs at the undifferentiated state.

Feeder cells are usually inactivated via mitomycin C or γ-irradiation treatment. While γ-
irradiation leads to breaks in DNA strands, mitomycin C has the extraordinary ability to
crosslink DNA with high efficiency and is specific for the CpG sequence [69,70]. Although
feeder cells are alive, they do not replicate but gene transcription and protein synthesis are not
affected.

It has been speculated that feeder cells support embryos and ESCs attachment through the
physical matrix [71]. Furthermore, feeder cells may release embryo trophic factors, reduce
inhibitory or toxic factors in FBS, or may be beneficial by lowering concentrations of ions and/
or glucose in medium, and thereby overcoming the developmental blockage of embryos
mediated by the release of growth factors essential for activation of the embryonic genome
and for normal embryonic development. Additionally, feeder cells may protect embryos from
oxygen toxicity [63].

Various feeder cells, which differ in their ability to support ESCs, have been utilized to
establish, propagate, and maintain the pluripotency of ESCs [35,72]. Conventionally, STO and
mEF are the most popular feeder cells for deriving and maintaining ESCs. However, human
foreskin fibroblast (hFF) feeder cells also support propagation and self-renewal of human
[73-76] and mouse ESCs [31,77].

As feeder cells at earlier passages are used, their ability to support ESCs is increased [78].
Reports have demonstrated that mEF, STO, and hFF feeder cells secrete different growth
factors to support ESCs [76,77,79-81].

To help establish mESCs, the STO, mEF, and hFF feeder cells might have roughly equal
efficiency [31,82]. Recently, a study reported that hFF supported mESC self-renewal superiorly
to mEFs due to the convenience. Using the hFF system, multiple lines of mESCs have been
successfully derived without addition of exogenous LIF and any inhibitors. These mESCs have
capacities to self-renew for a long period of time and to differentiate into various cell types of
the three germ layers both in vitro and in vivo [76]. The STO is a cell line (ATCC No. CRL-1503)
for unlimited propagation. The hFF may be a cell line (CCD-1112Sk, ATCC No. CRL-2429;
Hs68, ATCC No. CRL-1635; HFF-1, ATCC No. SCRC-1041) or primary cells. The mEF is
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primary cells harvested from fetuses approximately 12.5–13.5 days post coitum (dpc). How‐
ever, mEF can be passed and propagated only for a short period [83-85]. Therefore, they must
be prepared continuously. Additionally, the traits of mEFs differ from batch to batch, and
quality control of mEFs, especially for mycoplasma contamination, may be the problems
[86,87]. Moreover, hFFs are more durable than mEFs in that they remain in healthy condition
more than 2 weeks after inactivation by radiation. In contrast, mEF deteriorates within 1 week
after the inactivation [76].

To derive and maintain mESCs, feeder cells and ESC medium supplemented with LIF (typical
concentration is 1,000 unit/mL) are usually chosen. The reason is due to the LIF produced by
mEFs and STO is not enough to maintain ESC properties most of the time. However, recombi‐
nant murine LIF is expensive. Therefore, STO that expresses a high level of LIF (SNL76/7,
ATCC No. SCRC-1049; SNLP 76/7-4, ATCC No. SCRC-1050) has been developed [88]. This cell
line also can be used as a feeder layer supporting the derivation and growth of mESCs and
iPSCs [89]. The disadvantage of the SNL76/7 as a feeder cell is the highly variable level of LIF
in culturing medium, that might have different effects on mESCs [24,56,57,90-93].

2.3. Conditioned media

Both teratocarcinoma stem cells and EC cells were established in the 1970s [66,94-96]. Both
pluripotent cells usually undergo extensive differentiation in vivo and in vitro to generate a
wide variety of cell types [97]. Mouse teratocarcinoma stem cells can condition themselves.
Therefore, medium conditioned with teratocarcinoma stem cells, which is equivalent to a 5-
fold concentration of LIF [92], was used to help establish mESCs [24]. Thereafter, the propa‐
gation of mESCs in high densities reduces possible differentiation [26,98].

Feeder cells secrete many different factors, including growth factors, to support ESCs
[76,77,79-81]. The recovered conditioned medium is a complex solution containing many
unidentified chemicals. However, as conditioned media are exhausted media prepared in a
batch-by-batch manner, their biopotency might vary. The question is whether conditioned
medium is still needed to derive ES cells when chemically defined ESC media supplemented
with differentiation inhibitors and growth factors are available.

A few different conditioned media have been used to establish mESCs. Of which, an FBS ESC
medium conditioned by a rabbit fibroblast cell line transduced with genomic rabbit LIF (10
ng/mL) allows efficient derivation and maintenance of mESC lines from all 10 inbred mouse
strains tested, including some that were presumed nonpermissive for mESC derivation [56].
This commercialized conditioned medium, RESGROTM Culture Medium (Millipore), can
establish and rescue established mESCs that have started drifting, and either generate low-
percentage chimeras or lose their germline transmission capability [53,92].

2.4. Mouse strain and embryo status

Teratomas (benign) and teratocarcinomas (malignant) are tumors composed of an ectoderm,
endoderm, and mesoderm mixtures of adult tissues [99]. Most are found in gonads and rare
in mammals, including experimental animals. In the 1950s, mouse strain 129 had found an
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incidence of spontaneous testicular teratoma of about 1% [100]. After progress and refinement
of cell culture techniques, most notably the introduction of the cell feeder layer, allowed the
reliable cultures of pluripotent teratocarcinoma (stem) cell lines [66-68].

The mESCs were first derived from 129SvE [23] and then (ICR × SWR/J) F1 hybrid embryos
[24]. However, due to the demand for animal models of human diseases, strains other than
129s have been used to establish new mESC lines. Unfortunately, the following mESCs were
derived mainly from 129 strains due to the permissive nature of the genetic background
[27,32,35,38]. The derivation of mESCs from blastocysts is a process that is often very ineffi‐
cient, and even in the most favorable 129 strains, a success rate of 30% is regarded as high [26].
Derivation of mESCs is strongly mouse strain–dependent [32], and in practice the efficiency
of derivation in strains other than 129 strains does not usually exceed 10% [36].

Strains other than 129s, such as FVB, CBA/Ca, and the non-obese diabetic (NOD) mouse [101],
have the extremely low derivation rates of mESCs using conventional conditions. They are
traditionally regarded as highly refractory (nonpermissive) for derivation of mESCs. More‐
over, they also produce chimeras either incapable of germline transmission [102] or restricted
in their germline competence [37].

Mouse strain C57BL/6 (B6) is not usually considered as a permissive strain for mESC deriva‐
tion. Although the B6 mES cell lines have been available since the early 1990s [35,103], the
efficiency in establishing B6 mESCs via FBS or KSR ESC medium containing LIF varies and is
typically less than 10% [32,38,56,61,82,103-109]. When establishing C57BL/6J mESCs using FBS
(15%) ESC medium containing LIF, the highest success rate was 40% (36/89) [56]. Notably, this
study used mEF feeder cells coated on 96-well cell plates for initiation of blastocysts and
thereafter digested ICM outgrowths cultured at 39°C under 5% CO2 in an incubator. In
establishing B6 mESCs using KSR (20%) ESC medium containing LIF, the derivation rate of
(C57BL/6N × C57BL/6J) F1 mES-like colony can be as high as 40% (10 of 25 blastocysts) [109].
Other studies also demonstrated that the efficiency in establishing mESCs is significantly
higher for the C57BL/6N strain (53%) than for the C57BL/6J strain (20%) [109]. Recently, my
study showed that C57BL/6J blastocysts in KSR ESC medium did not lead to effective deriva‐
tion of mESCs; however, the success rate in 2i medium was as high as 75%. Furthermore, the
efficacy of 2i medium was also demonstrated when using morulae (60%) and 8-cell embryos
(50%) for mESCs derivation [31].

Although previous results suggested that true ES cells can be derived from embryos explanted
at any stage of preimplantation development in the mouse [110]. My laboratory was the first
to report success in deriving mESCs from mouse zygotes. These zygote-derived mESCs are
morphologically indistinguishable from mESCs derived from fertilized embryos and blasto‐
meres. Moreover, the generation of germline transmitted chimeras confirmed that the estab‐
lished mES-like cells are pluripotent mESCs [31].

In recent years, the mESC lines of nonpermissive strains have been established routinely from
3.5 dpc blastocysts when SR ESC medium containing differentiation inhibitors and/or prolif‐
eration enhancers was used.
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Typically, diploid male mESCs capable of a high percentage generation of chimeras with
germline transmission are selected for further utilization. However, some unusual mESCs
have been reported including the androgenetic [111], germline transmitted female [112], adult
somatic cell nuclear transferred [113], XO [114], parthenogenetic [115], haploid [54], and
androgenetic haploid [116] mESCs.

2.5. Single blastomere

To date, most available ES cell lines were derived from the outgrowth of ICMs of blastocysts.
However, due to ethical concerns over the derivation of human ES (hES) cells for regenerative
medicine, a single blastomere (usually from 8-cell embryos) has been utilized to derive ESCs.
Unfortunately, conventional methods used to establish mESCs directly from an isolated single
blastomere, which is extremely sensitive to culture conditions, are unsuccessful. Actually, most
of the isolated blastomeres divide to form small sheets of cells with a trophoblastic-like
morphology or small blastocysts with or without visible ICM-like cells [6,31,117]. In 1996, mES-
like cells were first reported from single blastomeres [118]. Since then, no ESCs were estab‐
lished from blastomeres until 2006 [117].

The mESCs can condition themselves to inhibit or prevent differentiation. Therefore, blasto‐
meres aggregated with established mESCs for initial co-culturing to help in the derivation of
mESCs is a logically reasonable alternative. In this manner, the single blastomere-derived
mESCs have been established but overall success rates are less than 5% when using the
conventional FBS ESC medium [117-119]. In spite of that, a possibility may exist for deriving
personalized hES cells without destruction of 8-cell embryos.

On 2004, the study showed that the KSR ESC medium do not support mES single cell culturing.
Contrary, single mESCs were propagated without loss of pluripotency when the adrenocor‐
ticotropic hormone (ACTH) was added to KSR ESC medium [62]. The authors of that study
hypothesized that ACTH may be integrated via a weak cross interaction with an unknown,
non-physiological inhibitory G protein coupled receptor. A signaling system other than the
cAMP-PKA pathway or PKA pathway may play an important role in propagation of mESCs
[62]. Later, simple and efficient establishment of mES cell lines from a single blastomere of 2-
to 8-cell embryos with KSR ESC medium containing ACTH fragments 1–24 (ACTH 1–24) on
mEF feeders was reported [59].

Wakayama et al. (2007) developed a novel protocol and established mESCs via blastomeres
and polar bodies. In their experiment, isolated B6D2F2 blastomeres were cultured on KSR
(20%) ESC medium containing ACTH 1–24 in 96-well plates coated with mEFs. The mESC
establishment rates were 33%, 8%, and 8% for blastomeres derived from 2-cell (1/2), late 4-cell
(1/4), and 8-cell embryos (1/8), respectively. However, they did not aggregate blastomeres with
other mESCs, suggesting that success was likely attributable to the KSR ESC medium con‐
taining ACTH 1–24 [59]. Other studies then demonstrated that mESCs can be established from
1/2, 1/4, 2/4, 1/8, 2/8, 3/8, and 4/8 blastomeres in medium containing ACTH 1–24 [31,120-122].
For blastomeres, as the developmental stage of embryos decreases and the number of isolated
blastomeres used increases, the derivation efficiency of mESCs increases. Moreover, whole
embryos always have better derivation efficiency than corresponding blastomeres. Further‐

Conditions and Techniques for Mouse Embryonic Stem Cell Derivation and Culture
http://dx.doi.org/10.5772/55105

91



incidence of spontaneous testicular teratoma of about 1% [100]. After progress and refinement
of cell culture techniques, most notably the introduction of the cell feeder layer, allowed the
reliable cultures of pluripotent teratocarcinoma (stem) cell lines [66-68].

The mESCs were first derived from 129SvE [23] and then (ICR × SWR/J) F1 hybrid embryos
[24]. However, due to the demand for animal models of human diseases, strains other than
129s have been used to establish new mESC lines. Unfortunately, the following mESCs were
derived mainly from 129 strains due to the permissive nature of the genetic background
[27,32,35,38]. The derivation of mESCs from blastocysts is a process that is often very ineffi‐
cient, and even in the most favorable 129 strains, a success rate of 30% is regarded as high [26].
Derivation of mESCs is strongly mouse strain–dependent [32], and in practice the efficiency
of derivation in strains other than 129 strains does not usually exceed 10% [36].

Strains other than 129s, such as FVB, CBA/Ca, and the non-obese diabetic (NOD) mouse [101],
have the extremely low derivation rates of mESCs using conventional conditions. They are
traditionally regarded as highly refractory (nonpermissive) for derivation of mESCs. More‐
over, they also produce chimeras either incapable of germline transmission [102] or restricted
in their germline competence [37].

Mouse strain C57BL/6 (B6) is not usually considered as a permissive strain for mESC deriva‐
tion. Although the B6 mES cell lines have been available since the early 1990s [35,103], the
efficiency in establishing B6 mESCs via FBS or KSR ESC medium containing LIF varies and is
typically less than 10% [32,38,56,61,82,103-109]. When establishing C57BL/6J mESCs using FBS
(15%) ESC medium containing LIF, the highest success rate was 40% (36/89) [56]. Notably, this
study used mEF feeder cells coated on 96-well cell plates for initiation of blastocysts and
thereafter digested ICM outgrowths cultured at 39°C under 5% CO2 in an incubator. In
establishing B6 mESCs using KSR (20%) ESC medium containing LIF, the derivation rate of
(C57BL/6N × C57BL/6J) F1 mES-like colony can be as high as 40% (10 of 25 blastocysts) [109].
Other studies also demonstrated that the efficiency in establishing mESCs is significantly
higher for the C57BL/6N strain (53%) than for the C57BL/6J strain (20%) [109]. Recently, my
study showed that C57BL/6J blastocysts in KSR ESC medium did not lead to effective deriva‐
tion of mESCs; however, the success rate in 2i medium was as high as 75%. Furthermore, the
efficacy of 2i medium was also demonstrated when using morulae (60%) and 8-cell embryos
(50%) for mESCs derivation [31].

Although previous results suggested that true ES cells can be derived from embryos explanted
at any stage of preimplantation development in the mouse [110]. My laboratory was the first
to report success in deriving mESCs from mouse zygotes. These zygote-derived mESCs are
morphologically indistinguishable from mESCs derived from fertilized embryos and blasto‐
meres. Moreover, the generation of germline transmitted chimeras confirmed that the estab‐
lished mES-like cells are pluripotent mESCs [31].

In recent years, the mESC lines of nonpermissive strains have been established routinely from
3.5 dpc blastocysts when SR ESC medium containing differentiation inhibitors and/or prolif‐
eration enhancers was used.

Pluripotent Stem Cells90

Typically, diploid male mESCs capable of a high percentage generation of chimeras with
germline transmission are selected for further utilization. However, some unusual mESCs
have been reported including the androgenetic [111], germline transmitted female [112], adult
somatic cell nuclear transferred [113], XO [114], parthenogenetic [115], haploid [54], and
androgenetic haploid [116] mESCs.

2.5. Single blastomere

To date, most available ES cell lines were derived from the outgrowth of ICMs of blastocysts.
However, due to ethical concerns over the derivation of human ES (hES) cells for regenerative
medicine, a single blastomere (usually from 8-cell embryos) has been utilized to derive ESCs.
Unfortunately, conventional methods used to establish mESCs directly from an isolated single
blastomere, which is extremely sensitive to culture conditions, are unsuccessful. Actually, most
of the isolated blastomeres divide to form small sheets of cells with a trophoblastic-like
morphology or small blastocysts with or without visible ICM-like cells [6,31,117]. In 1996, mES-
like cells were first reported from single blastomeres [118]. Since then, no ESCs were estab‐
lished from blastomeres until 2006 [117].

The mESCs can condition themselves to inhibit or prevent differentiation. Therefore, blasto‐
meres aggregated with established mESCs for initial co-culturing to help in the derivation of
mESCs is a logically reasonable alternative. In this manner, the single blastomere-derived
mESCs have been established but overall success rates are less than 5% when using the
conventional FBS ESC medium [117-119]. In spite of that, a possibility may exist for deriving
personalized hES cells without destruction of 8-cell embryos.

On 2004, the study showed that the KSR ESC medium do not support mES single cell culturing.
Contrary, single mESCs were propagated without loss of pluripotency when the adrenocor‐
ticotropic hormone (ACTH) was added to KSR ESC medium [62]. The authors of that study
hypothesized that ACTH may be integrated via a weak cross interaction with an unknown,
non-physiological inhibitory G protein coupled receptor. A signaling system other than the
cAMP-PKA pathway or PKA pathway may play an important role in propagation of mESCs
[62]. Later, simple and efficient establishment of mES cell lines from a single blastomere of 2-
to 8-cell embryos with KSR ESC medium containing ACTH fragments 1–24 (ACTH 1–24) on
mEF feeders was reported [59].

Wakayama et al. (2007) developed a novel protocol and established mESCs via blastomeres
and polar bodies. In their experiment, isolated B6D2F2 blastomeres were cultured on KSR
(20%) ESC medium containing ACTH 1–24 in 96-well plates coated with mEFs. The mESC
establishment rates were 33%, 8%, and 8% for blastomeres derived from 2-cell (1/2), late 4-cell
(1/4), and 8-cell embryos (1/8), respectively. However, they did not aggregate blastomeres with
other mESCs, suggesting that success was likely attributable to the KSR ESC medium con‐
taining ACTH 1–24 [59]. Other studies then demonstrated that mESCs can be established from
1/2, 1/4, 2/4, 1/8, 2/8, 3/8, and 4/8 blastomeres in medium containing ACTH 1–24 [31,120-122].
For blastomeres, as the developmental stage of embryos decreases and the number of isolated
blastomeres used increases, the derivation efficiency of mESCs increases. Moreover, whole
embryos always have better derivation efficiency than corresponding blastomeres. Further‐

Conditions and Techniques for Mouse Embryonic Stem Cell Derivation and Culture
http://dx.doi.org/10.5772/55105

91



more, KSR ESC medium containing differentiation inhibitors and/or proliferation stimulators
is better than FBS ESC medium in establishing mESCs.

For ethical concerns, such as maintaining the developmental potential of embryos and
establishing corresponding hES cells, a 1/8 blastomere is one of the best candidates. Unfortu‐
nately, derivation efficiency of mESCs via a 1/8 blastomere is usually approximately 5–10%,
such that it cannot be a standard protocol for the routine operation. Obviously, reliable and
efficient protocols for ESCs derivation should be developed.

Previous studies have indicated poor derivation efficiency of mESCs from a 1/8 blastomere,
partly due to the low division rate of single blastomeres when compared to that of their
counterparts with a higher number of blastomeres (2/8, 3/8, and 4/8). Communication and
adhesion between blastomeres, from which the derivation process begins, are likely important
aspects to efficiently deriving mESC lines. Therefore, an approach consisting of chimeric E-
cadherin (E-cad-Fc) adhesion to the blastomere surface has been devised to recreate the
signaling produced by native E-cadherin between neighboring blastomeres inside an embryo.
Via this approach, the 1/8 blastomere incubated with E-cad-Fc for only 24 h can significantly
improve the mESC derivation efficiency from 2.2% to 33.6% [60]. To date, this novel method
via 1/8 blastomere has the best derivation efficiency for mESCs. However, its reproducibility
must be confirmed by other laboratories.

2.6. Pluripotent signaling pathways

In 1988, two studies demonstrated that LIF could assist in derivation and maintenance of the
pluripotency of mESCs [33,34]. Unfortunately, following studies revealed that LIF is not as
effective or good for mammals other than mice in establishing ESCs. These experimental
results implied that different mammals might have different regulatory mechanisms for ESCs.
Actually, distinct signaling pathways have been shown to regulate the pluripotency of mouse
and human ESCs [41,42,123].

The regulatory mechanisms and signal transductions of self-renewal, differentiation, prolif‐
eration, and apoptosis [41,42,124], as well as the corresponding inhibitors of stem cells [43-47,
125] have been investigated (Figure 1).

To date, self-renewal, pluripotency, and the propagation signaling transduction pathways of
ESCs includes the LIF/signal transducer and activation of transcription 3 (STAT3), Wnt/β-
catenin, phosphatidylinositol 3-kinase (PI3K), bone morphogenic protein 4 (BMP4)/Smad1/5,
and basic fibroblast growth factor (bFGF) [42,45]. Conversely, the Ras/Raf/MEK/ERK pathway
is central to the signaling networks that govern proliferation, differentiation, and cell survival
[126]. The active Ras/Raf/MEK/ERK pathways induce differentiation of mESCs [42,124,126].
The mESCs have high ERK activity when they undergo differentiation. Suppression of the ERK
pathway promotes self-renewal of mESCs. Moreover, BMP4 activation inhibits differentiation
of mESCs in medium containing LIF due to inhibitor of differentiation (Id) genes expression
and ERK inactivation [127-129].

Of the many pathways, self-renewal of mESCs largely depends on LIF/interleukin 6 (IL-6)
family members [130] and BMP4 [65,127]. LIF binds to a cell surface complex composed of the
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LIF receptor and the transmembrane signaling molecule gp130, resulting in activation of
transcription factor STAT3, which is essential and sufficient to promote self-renewal and
inhibit mesoderm and endoderm differentiation of mESCs [125,130-132]. Additionally, Wnt
signaling inhibits GSK3β and results in the protein stabilization of cytoplasmic β-catenin (β-
Ctnn). The GSK3, a constitutively acting multi-functional serine threonine kinase, derives its
name from its substrate glycogen synthase, a key enzyme involved in conversion of glucose
to glycogen. Although GSK3 is kept inactive by phosphorylation, activated GSK3 enhances
synthesis of glycogen and inhibits cell proliferation. The name GSK does not adequately
describe the multitude of diverse substrates and functions attributed to GSK3. For instance, it
is involved in various cellular processes, ranging from glycogen metabolism, insulin signaling,
cell proliferation, neuronal function, and oncogenesis to embryonic development [133].
Additionally, GSK3 is one of the crucial molecules involved in regulation of the Wnt/β-catenin,
Hedgehog, and Notch signaling pathways. The undifferentiated pluripotency of both mouse
and human ESCs can be maintained by GSK3-specific inhibitor 6-bromoindirubin-3’-oxime
(BIO), which prevents phosphorylation of β-Ctnn by GSK3β and activates Wnt [134,135]. The
Wnt signaling is endogenously activated in mESCs and is down regulated upon differentiation
[135]. The target genes of the Wnt signaling pathway, such as c-Myc and CyclinD1, promote
cell proliferation and self-renewal. The LIF/STAT3 pathway combines with the Wnt/GSK3β/β-
catenin pathway to enhance self-renewal by activation of pluripotency genes, including
transcription factors Nanog, Oct3/4, and Klf4. Nevertheless, LIF also activates the MAPK/ERK
pathway, which induces mESC differentiation [45].

Figure 1. The use of signalling pathway inhibitors and chromatin modifiers for enhancing pluripotency. (Reproduced
with permission from Sumer et al., 2010. Theriogenology 74:525–533.)
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As a protein, transforming growth factor beta (TGFβ) controls proliferation, cellular differen‐
tiation, and other functions in most cells. This protein is a secreted protein of cytokines. The
TGFβ family is part of the large TGFβ superfamily, which has more than 40 members, including
TGFβ, activin, nodal, BMPs, inhibins, anti-müllerian hormone, decapentaplegic, and Vg-1. All
of these ligands are associated with ESCs. Although BMP4 is a member of the BMP family, it
functions via a different signaling pathway with TGFβ. Notably, BMP4 induces expression of
Id genes and inhibits MAPK signaling as well as neuroectoderm differentiation [65,127].
Although activation of STAT3 is sufficient for self-renewal of mESCs, a study showed that LIF-
STAT3 do not maintain mESCs in serum-free ESC medium. The combination of LIF and BMP4
maintained the self-renewal of mESCs in the absence of both feeder cells and FBS [65,127].
Thus, BMP4 and LIF have synergistic effects on the self-renewal of mESCs [127]. In contrast to
mESCs, BMP4 does not maintain the self-renewal of hES cells; rather, it induces trophoblast
or primitive endoderm differentiation of hES cells [136].

The PI3K pathway is also important for proliferation, survival, and maintenance of pluripo‐
tency, as well as inhibiting apoptosis in ESCs. The ESC-expressed Ras (ERas) is specifically
expressed in ESCs, stimulating PI3K. This PI3K activation promotes ESC proliferation [137]
and self-renewal [138]. Inhibition of PI3K and Akt induces differentiation of mESCs in the
presence of LIF and feeder cells [139], suggesting that PI3K/Akt signaling is necessary for
maintenance of the pluripotency of ESCs.

The ESC can maintain its pluripotency with feeder cells. Exogenous supplementation of LIF
is sufficient to sustain mESCs at undifferentiated state in a feeder cells free condition. However,
LIF is insufficient for maintaining the pluripotency of hES cells. Human ESCs have been most
commonly cultured in the presence of bFGF either on fibroblast feeder layers [140] or in
fibroblast-conditioned medium. The bFGF signaling pathway appears to be important to the
self-renewal of hES cells [141,142]. Reports have shown that bFGF (40 ng/mL) combined with
noggin (inhibitor of BMP4) supports the undifferentiated proliferation of hES cells in the
absence of feeder cells [143-145]. Furthermore, a high bFGF concentration (100 ng/ml) alone is
sufficient to maintain human ESCs [145]. The post-implantation epiblast-derived stem cell
(EpiSC) lines [14] express transcription factors that regulate pluripotency and robustly
differentiate into the major somatic cell types as well as primordial germ cells [12]. Further‐
more, the EpiSCs and hES cells share patterns of gene expression and signaling responses in
the epiblasts [12]. In fact, the similarities (FGF and activin growth factors for self-renewal; in
vitro pluripotency; chimera formation; and spontaneous trophoblast differentiation) between
hES cells and mouse EpiSCs have led to the suggestion that hES cells are equivalent to early
post-implantation epiblasts, rather than their ICM progenitor [146,147].

2.7. Differentiation inhibitors help to derive mouse ES cells

In the early 1990s, as the specificity of developed inhibitors was insufficient, the effectiveness
of these inhibitors to inhibit differentiation and then help to establish mESCs was not satis‐
factory and outcomes are varied. Since the late 1990s, using MAPK/ERK kinases (MEKs)
inhibitors PD098059 [128] and UO126 [41], or by dephosphorylating ERKs by mitogen-
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activated protein kinase phosphatase 3 (MKP-3) [41] enhanced the self-renewal of mESCs and
inhibited their differentiation.

It was the first report showed that the combination of PD98059 (MEK 1 inhibitor) with LIF
enhances the establishment of mESCs from the refractory CBA strain [148]. A combination of
the MEK1/2 inhibitor, U0126, with LIF further promoted the efficiency of mESC derivation
from CBA [129]. These small molecules, PD98059 and U0126, play positive roles in the self-
renewal of mESCs, but they are incapable of maintaining the pluripotency of mESCs in long-
term culture without LIF [48,128,135].

Notably, BMP4 inhibits both ERK and p38 MAPK pathways in mESCs. The inhibitors of the
ERK and p38 MAPKs mimic the effect of BMP4 on mESCs. Inhibition of the p38 and MAPKs
by SB203580 overcomes the roadblock in deriving mESCs from blastocysts lacking a functional
Alk3, the BMP4 type-IA receptor [127].

The self-renewal of mESCs is generally dependent on multifactorial stimulation. To support
the growth and development of fetuses, FBS contains cell replication stimulators and cell
differentiation inducers. Serum and serum substitutes contain various inductive stimuli that
may activate commitment and differentiation programs [49]. However, simple withdrawal of
serum or other exogenous stimuli cannot prevent differentiation of ESCs due to endogenous
autoinductive differentiation of fibroblast growth factor 4 (FGF4) via the MEK/ERK pathway
[48,149]. Therefore, to suppress endogenous autoinductive differentiation and to maintain
high viability and growth rates, one must inhibit the MEK/ERK pathway and/or provide LIF,
or restrict the activity of GSK3, which acts mainly via the Wnt/β-catenin signaling pathway to
suppress cellular biosynthetic capacity, and subsequent cell growth and viability [134,150].
Those studies have demonstrated that inhibition of GSK3 via BIO dramatically augment mESC
derivation from isolated ICMs of both C57BL/6 (76%) [135] and BALB/c (31%) [134].

Through  dual  inhibition  of  the  Ras  GTPase-activating  protein  (RasGAP)  and  ERK1,  a
function-oriented and novel small  molecular pluripotin,  also called SC1, was developed.
By  using  this  novel  pluripotin,  one  can  propagate  mESCs  in  an  undifferentiated  and
pluripotent state under chemically defined conditions in the absence of feeder cells, FBS,
and LIF. Moreover, long-term pluripotin-expanded mESCs can generate germline-transmit‐
ted chimeric mice [43]. By combining pluripotin and LIF for the derivation of mESCs, the
successfully isolated mESCs from five strains of mice; efficiency was 57% for NOD-scid,
63% for SCID beige,  80% for CD-1,  and 100% for two F1 strains from C57BL/6 x CD-1.
Pluripotin  combined with  LIF  improved the  efficiency  of  mESC isolation  by  selectively
maintaining Oct4-positive cells in outgrowths.  This is  the first  work to efficiently derive
mESCs from immunodeficient mice (NOD-scid on an NOD background and SCID beige
on a BALB/c background) on refractory backgrounds [57].

Recently, a novel protocol involves an unusually long initial incubation of 12 days for blasto‐
cysts seeded in 12-well plates coated with mEFs and containing LIF and pluripotin-supple‐
mented KSR ESC medium (15% KSR), which results in the formation of large spherical
outgrowths. These outgrowths are morphologically distinct from classical ICM outgrowths
and can be picked easily and trypsinized. Importantly, pluripotin needs to be omitted after the
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first trypsinization because it blocks the attachment of mES-like cells to the mEF feeder layer;
its removal facilitates the formation of mESC colonies. In addition, pluripotin is harmful to the
mEFs and it is not unusual that half of the mEFs die during the first week. However, this
massive death of mEFs does not affect the mES cell derivation efficiency [55]. I also found that
STO and Hs68 feeder cells were dying when culturing in KSR ESC medium supplemented
with 3 μM pluripotin (unpublished observation). The modified protocol gives rise to mESCs
(more then five passages) in a robust and reliable manner with an extremely high success rate
of 94% (78/83) [55]. Surprisingly, 10 mESCs derived with 4 μM pluripotin showed the chro‐
mosomal instability. All of these cells generated weak chimeras. Thus, these lines are only
suitable for in vitro analysis. In contrast, mES-cell lines derived with 2 μM pluripotin during
the blastocyst outgrowth phase were generated with unusual high efficiency (100%) and these
lines had a normal karyotype. In addition, strong chimeras could be derived from these mESCs
[55]. Yang and colleagues (2009) derived mESCs with 3–5 μM pluripotin. Their mESCs showed
some chromosomal abnormalities and were not proven to be germline competent [57].

Although the derivation of novel mESCs have been improved significantly via differentiation
inhibitors and/or proliferation stimulators, no germline-transmitted ESCs other than the
mESCs have been reported. In recent years, the MEK inhibitor PD0325901 or SU5402 has been
used to eliminate differentiation-inducing signaling from MAPK and the GSK3 inhibitor
CHIR99021 has been used to enhance mESC growth, enabling derivation and propagation of
germline-competent mESCs from CBA and 129 strains in an N2B27 chemically defined ESC
medium. These findings reveal that self-renewal is enabled by the elimination of differentia‐
tion-inducing signaling from MAPK. Additional inhibition of GSK3 consolidates biosynthetic
capacity and suppresses residual differentiation. Complete bypass of cytokine signaling is
confirmed by isolating stat3–/– mESCs [48]. Accordingly, ES cell lines of the second mammalian
species (rat) with germline transmission have been established [49,50].

Recently, my report showed that two C57BL/6J mESCs were derived from two morulae in KSR
ESC medium supplemented with 2i but without LIF [31]. These experimental results confirmed
previous reports indicating that inhibitors that block the MEK/ERK differentiation pathway
can support self-renewal of mESCs, even without LIF signaling [43,48].

The efficiency of establishing mESCs with 2i was not reported [48]. Recently, my experimental
results showed that the efficiency in establishing C57BL/6J ES cells in KSR ESC medium
supplemented with 2i and LIF could be high as 65% for morulae and 70% for blastocysts [31].
Thus, the efficacy of 2i in helping establish mESCs is confirmed.

2.8. Self-renewal and proliferation stimulator

Although a previous study showed that extrinsic stimuli are dispensable for derivation,
propagation, and pluripotency of mESCs [48], the self-renewal and derivation of mESCs
largely depends on LIF [130] and BMP4 [65,127]. When LIF is present at concentrations higher
than those used in routine cultivation (500 unit/mL for the mEF feeder and 1,000 unit/mL for
the STO feeder), the derivation efficiencies of mESCs from refractory strains are improved
significantly [57,91,93]. Indeed, strain difference in response to soluble growth factors is
evident from two original reports of mESC derivation. Evans and Kaufman (1981) established
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mESC lines from permissive 129SvE delayed blastocysts, solely by culturing them on STO
feeder cells. Notably, Martin (1981) was unable to establish mESC lines from immunosurgically
isolated ICMs of (ICR x SWR/J) F1 and (C3H x C57BL/6) F1 fully expanded blastocysts unless
the teratocarcinoma stem cell-conditioned medium, equivalent to a 5-fold LIF concentration
[92], was added. A previous report revealed that a mESC medium containing 10 ng/mL rabbit
LIF or conditioned by a rabbit fibroblast cell line transduced with genomic rabbit LIF facilitates
efficient derivation and maintenance of mESC lines (≥ 10 passages) from all 10 inbred mouse
strains tested, including some that were presumed nonpermissive for ESC derivation [56]. A
more recent study demonstrated that SR ESC medium containing high concentrations of LIF
(2,500 and 5,000 unit/mL) could establish mES cell lines from C57BL/6, Balb/K, nonpermissive
CBA/Ca, and NOD mice [92].

Additionally, another report shows that KSR ESC medium does not support single mESC
culture, likely because this medium lacked some important growth factors or such undefined
factors, such as “stem-cell autocrine factors,” are secreted by mESCs themselves [62]. However,
when KSR ESC medium is supplemented with ACTH, single mESCs are propagated and their
pluripotency is maintained. Accordingly, mESC lines have been established efficiently using
single blastomeres from 2- to 8-cell embryos in KSR ESC medium containing ACTH 1–24 [59].

The CHIR99021 pathway and proposed ACTH pathway likely differ. Therefore, synergetic
effects of 2i (PD0325901 + CHIR99021) and ACTH 1–24 may exist in deriving mESCs. My
experimental results reveal that neither STO nor Hs68 feeder cells coated on 10-μL droplets
and cultured in KSR ESC medium supports effective derivation of mESCs from embryos or
blastomeres of ICR or C57BL/6J. However, by supplementing KSR ESC medium with 2i or
ACTH 1–24, efficiency in establishing mESCs increased dramatically. Experimental results also
demonstrate that inhibiting cell differentiation and increasing cell growth/viability (in the
presence of 2i) simultaneously is better than increasing only cell survival and/or proliferation
(with ACTH 1–24) when deriving mESCs [31]. Additionally, experimental results also suggest
that GSK3 inhibitor CHIR99021 and ACTH 1–24 likely have different pathways in synergisti‐
cally enhancing the establishment of mESCs because 2i with ACTH 1–24 is much more effective
than 2i or ACTH 1–24 alone [31].

2.9. Developing more powerful differentiation inhibitors

A previous study has demonstrated that blastomeres from 2- to 8-cell embryos developed into
blastocysts within 3–5 days in KSR ESC medium containing ACTH 1–24 [59]. Another report
indicates that 2- to 4-cell embryos and blastomeres, which developed into blastocysts in
medium containing ACTH 1–24, PD98059 (MAP2K1 inhibitor) or SB203580 (MAPK14
inhibitor), yields developmental rates comparable to those of the control embryos [151]. My
previous study showed that approximately 60% of 1.5–2.5 dpc denuded whole embryos
developed into typical blastocysts or small blastocysts and approximately 80% of the corre‐
sponding blastomeres developed into small blastocysts within 2–4 days in KSR ESC medium
containing 2i or ACTH 1–24. These experimental results imply that 2i and ACTH 1–24 might
have little or no adverse effect on cell proliferation or the development of embryos and
blastomeres. Furthermore, these observations indicate that 2i, MAP2K1, and MAPK14
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inhibitors are not strong enough to inhibit differentiation of embryos and blastomeres entirely
[31]. I also note that 0.3–3 μM pluripotin did not inhibit differentiation of ICR 2.5 dpc embryos
and blastomeres completely (unpublished observation).

These experimental findings suggest that other more powerful inhibitors, via the Ras-MEK-
ERK signaling pathway or other signaling pathways, may be worth developing to further
enhance the success rate of deriving ESCs. Theoretically, chemical cocktails that completely
inhibit endogenous differentiation, increase cell division, and decrease apoptosis of pluripo‐
tent cells should maximize the derivation efficiency of ESCs. Furthermore, is it possible to
develop novel differentiation inhibitors that maintain the totipotency of very-early-stage
blastomeres?

3. Novel efficient, reproducible, and user-friendly protocol for deriving
mouse ES cells

An excellent protocol for deriving mESCs must be efficient, reproducible, easy to perform, and
relatively cheap.

The following protocol, adopted and minor modified from my previous study [31], has been
used in my laboratory for more than 3 years with reproducible high derivation efficiency
(always more than 50%, occasionally reaching 100%) for 2.5 dpc whole embryos, regardless of
which strains (ICR, B6, ICRB6F1, and B6CBF1) are tested. Moreover, all other pre-implantation
embryos can be used. Although the same protocol can be used to derive mESCs via single
blastomeres, derivation of mESC varies in efficiency, which depends on the origin of blasto‐
meres (approximately 10–30%).

3.1. Growth area for initial cultivation

For initial cultivation of embryos, ICMs, and blastomeres to establish mESCs, different growth
surface areas in multi-well cell plates are used. Of which, the 24-well and 96-well plates are
used mainly. In practice, the amount of medium needed to half fill one well in a 24-well plate
is approximately 0.5 mL and 150 μL for a 96-well plate. Both volumes are enormous to the
mouse embryo (diameter, 85 μm; volume, 320 pL = 0.00032 μL) or 1/8 blastomere (diameter,
20 μm; volume, 4 pL = 0.000004 μL). Furthermore, the height of wells is not user-friendly when
taking photographs or picking growing three-dimensional outgrowths. Therefore, to reduce
the amount of expensive ESC media that is usually exchanged every other day, ease handling,
and increase the disaggregation efficiency of growing three-dimensional outgrowths, different
volumes of micro-droplets were tested. I hypothesize that homemade micro-droplets on cell
culture dishes coated with feeder cells are as effective as cell plate wells for initial cultivation
to establish mESCs. Finally, 10-μL and 20-μL droplets are chosen for initial and for disaggre‐
gated outgrowths cultivation, respectively. Up to 32 10-μL or 24 20-μL feeder droplets on a
60-mm cell culture dish covered with heavy weight paraffin oil can be prepared and used
routinely. My culturing results show that 10-μL droplets support the growth of 2.5 dpc
embryos for at least 7 days and 1/8 blastomeres for at least 10 days (Figure 2).
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Figure 2. The 10-μL droplets are excellent for initial cultivation to derive mESCs. Embryos and blastomeres seeded in
10-μL droplets coated with Hs68 feeder cells in KnockOut™ serum replacement (KSR) ESC medium supplemented
with 0.5 µM PD0325901 (MEK inhibitor), and 3 µM CHIR99021 (GSK3 inhibitor) (2i), 10 µM ACTH–24 (adenylyl cyclase
inhibitor), as well as 1,000 unit/mL LIF support the growth of 2.5 dpc embryos for at least 7 days and 1/8 blastomeres
for at least 10 days. a1, early blastocyst; b1, morula; c1, 2/16—isolated single blastomere that originated from late 8-
cell embryos were divided; d1, 1/8—isolated single blastomere that originated from 8-cell embryos. a2–d2, cultured
for 3 days after initiation of cultivation; a3–d3, cultured for 7 days; and a4–d4, cultured for 10 days; a5–d5, cultured
for 12 days. The bar represents 100 μm.

The previous study reported that the culturing blastocysts allow to hatch and expand for
approximately 6 days; however, the earlier trypsinization (at day 4 or 5) of outgrowths do not
seem to affect efficiency but prolonged the time needed for mESCs derivation [58]. Very
interestingly, blastocyst outgrowths can be cultured in 2 μM pluripotin-containing KSR ESC
medium for 12 days (or up to 18 days) without losing their ability to form mESCs. The main
advantage of a long initial cultivation is to greatly increase the number of cells, which including
undifferentiated cells, before the first trypsinization. The derivation efficiency could be as high
as 94% (78/83) [55].

Further, my experimental results demonstrated that mESCs are established efficiently from
C57BL/6J denuded whole embryos culturing in a 10-μL droplet coated with Hs68 feeder cells
of KSR ESC medium supplemented with 2i, ACTH-24, and LIF (Figure 3) [31].
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inhibitors are not strong enough to inhibit differentiation of embryos and blastomeres entirely
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blastomeres?

3. Novel efficient, reproducible, and user-friendly protocol for deriving
mouse ES cells

An excellent protocol for deriving mESCs must be efficient, reproducible, easy to perform, and
relatively cheap.

The following protocol, adopted and minor modified from my previous study [31], has been
used in my laboratory for more than 3 years with reproducible high derivation efficiency
(always more than 50%, occasionally reaching 100%) for 2.5 dpc whole embryos, regardless of
which strains (ICR, B6, ICRB6F1, and B6CBF1) are tested. Moreover, all other pre-implantation
embryos can be used. Although the same protocol can be used to derive mESCs via single
blastomeres, derivation of mESC varies in efficiency, which depends on the origin of blasto‐
meres (approximately 10–30%).

3.1. Growth area for initial cultivation

For initial cultivation of embryos, ICMs, and blastomeres to establish mESCs, different growth
surface areas in multi-well cell plates are used. Of which, the 24-well and 96-well plates are
used mainly. In practice, the amount of medium needed to half fill one well in a 24-well plate
is approximately 0.5 mL and 150 μL for a 96-well plate. Both volumes are enormous to the
mouse embryo (diameter, 85 μm; volume, 320 pL = 0.00032 μL) or 1/8 blastomere (diameter,
20 μm; volume, 4 pL = 0.000004 μL). Furthermore, the height of wells is not user-friendly when
taking photographs or picking growing three-dimensional outgrowths. Therefore, to reduce
the amount of expensive ESC media that is usually exchanged every other day, ease handling,
and increase the disaggregation efficiency of growing three-dimensional outgrowths, different
volumes of micro-droplets were tested. I hypothesize that homemade micro-droplets on cell
culture dishes coated with feeder cells are as effective as cell plate wells for initial cultivation
to establish mESCs. Finally, 10-μL and 20-μL droplets are chosen for initial and for disaggre‐
gated outgrowths cultivation, respectively. Up to 32 10-μL or 24 20-μL feeder droplets on a
60-mm cell culture dish covered with heavy weight paraffin oil can be prepared and used
routinely. My culturing results show that 10-μL droplets support the growth of 2.5 dpc
embryos for at least 7 days and 1/8 blastomeres for at least 10 days (Figure 2).
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Figure 2. The 10-μL droplets are excellent for initial cultivation to derive mESCs. Embryos and blastomeres seeded in
10-μL droplets coated with Hs68 feeder cells in KnockOut™ serum replacement (KSR) ESC medium supplemented
with 0.5 µM PD0325901 (MEK inhibitor), and 3 µM CHIR99021 (GSK3 inhibitor) (2i), 10 µM ACTH–24 (adenylyl cyclase
inhibitor), as well as 1,000 unit/mL LIF support the growth of 2.5 dpc embryos for at least 7 days and 1/8 blastomeres
for at least 10 days. a1, early blastocyst; b1, morula; c1, 2/16—isolated single blastomere that originated from late 8-
cell embryos were divided; d1, 1/8—isolated single blastomere that originated from 8-cell embryos. a2–d2, cultured
for 3 days after initiation of cultivation; a3–d3, cultured for 7 days; and a4–d4, cultured for 10 days; a5–d5, cultured
for 12 days. The bar represents 100 μm.

The previous study reported that the culturing blastocysts allow to hatch and expand for
approximately 6 days; however, the earlier trypsinization (at day 4 or 5) of outgrowths do not
seem to affect efficiency but prolonged the time needed for mESCs derivation [58]. Very
interestingly, blastocyst outgrowths can be cultured in 2 μM pluripotin-containing KSR ESC
medium for 12 days (or up to 18 days) without losing their ability to form mESCs. The main
advantage of a long initial cultivation is to greatly increase the number of cells, which including
undifferentiated cells, before the first trypsinization. The derivation efficiency could be as high
as 94% (78/83) [55].

Further, my experimental results demonstrated that mESCs are established efficiently from
C57BL/6J denuded whole embryos culturing in a 10-μL droplet coated with Hs68 feeder cells
of KSR ESC medium supplemented with 2i, ACTH-24, and LIF (Figure 3) [31].
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Figure 3. The C57BL/6J ES cells derived from 2.5-day post-coitum (dpc) denuded 8-cell embryos or single blastomeres
cultured in 10-µL droplets. a1: An 8-cell embryo cultured in KSR ESC medium containing 0.5 µM PD0325901 (MEK
inhibitor) and 3 µM CHIR99021 (GSK3 inhibitor) (2i) with STO feeders. Images show 2 (a2), 4 (a3), 11 (a4; passage #1,
P1) and 14 (a5; ESC98B01, P2) days after initiation of cultivation. b1: An 8-cell embryo cultured in KSR ESC medium
with Hs68 feeders. Images show 3 (b2), 4 (b3), 9 (b4; P1), and 18 (b5; ESC98B05, P4) days after initiation of cultivation.
c1: A single blastomere isolated from an 8-cell embryo cultured in KSR ESC medium containing 2i with Hs68 feeders.
Images show 3 (c2), 6 (c3), 9 (c4; P1), and 14 (c5; ESC98B04, P3) days after initiation of cultivation. The bar represents
100 μm. (Reproduced from Lee et al., 2012. Stem Cells and Development 21:373–383.)

3.2. Feeder cells and medium

The cell lines of STO and Hs68 (Caucasian human newborn foreskin fibroblast; ATCC No.
CRL-1635) as well as primary mEF cells can be used as feeder cells. These cells share the same
growth medium, which comprises DMEM (glucose, 4.5 g/L) containing 10% FBS, penicillin (50
unit/mL), and streptomycin (50 μg/mL).

After mitotic inactivation by 10 μg/mL mitomycin C for 2–3 h, single trypsinized cells via 0.25%
trypsin-EDTA are used to prepare feeder layers directly or are frozen until thawed for feeder
preparation. Up to 32 10-μL feeder droplets on a 60-mm cell culture dish, covered with heavy
weight paraffin oil, is prepared 1–2 days before denuded embryos or isolated blastomeres are
seeded.

No difference existed between STO and Hs68 feeders in the derivation of mESCs [31]. How‐
ever, as STO feeders occasionally detached and curled up during cultivation in 10 μL and 20
μL droplets, Hs68 is usually chosen as the feeder cells. However, propagation of Hs68 is slow
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compared to that of STO. Therefore, STO feeder cells are adopted for the large growing areas
in commercially available cell plates and dishes.

3.3. KSR ESC medium supplemented with 2i and ACTH 1–24

The basal KSR ESC medium contained KnockOut™ DMEM (glucose 4.5 g/L) supplemented
with 20% KSR, 0.1 mM non-essential amino acids, 1.75 mM GlutaMAX™-I supplement, 0.1
mM β-mercaptoethanol, penicillin (15.62 unit/mL), streptomycin (15.62 μg/mL), and LIF (1,000
unit/mL). The KnockOut™ DMEM can be replaced by conventional DMEM or (KnockOut™)
DMEM/F12.

Although media prepared from powder are far cheaper than using liquid directly, experiments
always use embryo- or cell culture-tested grades liquid media or solutions, as they are more
consistent and efficient for derivation of mESCs, especially when KSR ESC media are used in
cultivations. The variable quality of homemade ultrapure ddH2O might prove problematic.
However, once the mESCs established, the media prepared from powder could be used for
routine cultivation.

To enhance the successful derivation of mESCs, the basal KSR ESC medium is supplemented
with 0.5 μM PD0325901 (MEK inhibitor), 3 μM CHIR99021 (GSK3 inhibitor) (2i) [48], and 10
μM ACTH 1–24 (adenylyl cyclase inhibitor) [59].

3.4. Derivation of mouse ES cells

Natural or superovulated 3.5–4.5 dpc morulae and blastocysts are used. Recovered embryos
are washed and placed in the KSOM medium supplemented with 20.85 mM HEPES (HK) at
RT until the next treatment. The zona pellucida of embryos is removed (denuded) in seconds
using acidic Tyrode’s solution. Blastomeres of 2- to 8-cell embryos are separated by incubating
denuded embryos in 0.25% trypsin-EDTA for approximately 3–4 min in a 37°C incubator with
humidified atmosphere of 5% CO2 in air, followed by gentle pipetting using a mouth pipette.
The blastomeres and denuded embryos or hatched (naked) blastocysts are washed and then
plated into 10-μL feeder droplets (P0) in KSR ESC medium supplemented with 2i and ACTH
1–24, which is exchanged 1–2 h earlier. Embryos and blastomeres are cultured in a 37°C
incubator with 5% CO2 in air. Following attachment of embryos or blastomeres to the feeder
cells, the media are exchanged at the second or third day. Thereafter, the media are exchanged
every 1 to 2 days.

After culturing for 6 ± 2 d (for whole embryos) or 9 ± 2 d (for blastomeres), individual three-
dimensional outgrowth is identified visually. The feeder cells and flat growing cells are
removed mechanically by a mouth pipette. The outgrowth in the same droplet is washed with
TrypLE™ Express once and then incubated with TrypLE™ Express in a 37°C incubator for
approximately 13 ± 3 min. The outgrowth is washed with KSR ESC medium once and then
disaggregated into clumps and single cells, which are reseeded onto fresh 20-μL droplets (P1).
After 4 ± 1 d, only morphologically mES-like colonies are then passed (via TrypLE Express) to
fresh 1 or 2 wells of 4-well cell plates (P2), and thereafter to either 4-well plates or 35-mm cell
culture dishes (P3) depending on the number of cells. Once mES-like cells are growing in 4-
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Figure 3. The C57BL/6J ES cells derived from 2.5-day post-coitum (dpc) denuded 8-cell embryos or single blastomeres
cultured in 10-µL droplets. a1: An 8-cell embryo cultured in KSR ESC medium containing 0.5 µM PD0325901 (MEK
inhibitor) and 3 µM CHIR99021 (GSK3 inhibitor) (2i) with STO feeders. Images show 2 (a2), 4 (a3), 11 (a4; passage #1,
P1) and 14 (a5; ESC98B01, P2) days after initiation of cultivation. b1: An 8-cell embryo cultured in KSR ESC medium
with Hs68 feeders. Images show 3 (b2), 4 (b3), 9 (b4; P1), and 18 (b5; ESC98B05, P4) days after initiation of cultivation.
c1: A single blastomere isolated from an 8-cell embryo cultured in KSR ESC medium containing 2i with Hs68 feeders.
Images show 3 (c2), 6 (c3), 9 (c4; P1), and 14 (c5; ESC98B04, P3) days after initiation of cultivation. The bar represents
100 μm. (Reproduced from Lee et al., 2012. Stem Cells and Development 21:373–383.)

3.2. Feeder cells and medium

The cell lines of STO and Hs68 (Caucasian human newborn foreskin fibroblast; ATCC No.
CRL-1635) as well as primary mEF cells can be used as feeder cells. These cells share the same
growth medium, which comprises DMEM (glucose, 4.5 g/L) containing 10% FBS, penicillin (50
unit/mL), and streptomycin (50 μg/mL).

After mitotic inactivation by 10 μg/mL mitomycin C for 2–3 h, single trypsinized cells via 0.25%
trypsin-EDTA are used to prepare feeder layers directly or are frozen until thawed for feeder
preparation. Up to 32 10-μL feeder droplets on a 60-mm cell culture dish, covered with heavy
weight paraffin oil, is prepared 1–2 days before denuded embryos or isolated blastomeres are
seeded.

No difference existed between STO and Hs68 feeders in the derivation of mESCs [31]. How‐
ever, as STO feeders occasionally detached and curled up during cultivation in 10 μL and 20
μL droplets, Hs68 is usually chosen as the feeder cells. However, propagation of Hs68 is slow
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compared to that of STO. Therefore, STO feeder cells are adopted for the large growing areas
in commercially available cell plates and dishes.

3.3. KSR ESC medium supplemented with 2i and ACTH 1–24

The basal KSR ESC medium contained KnockOut™ DMEM (glucose 4.5 g/L) supplemented
with 20% KSR, 0.1 mM non-essential amino acids, 1.75 mM GlutaMAX™-I supplement, 0.1
mM β-mercaptoethanol, penicillin (15.62 unit/mL), streptomycin (15.62 μg/mL), and LIF (1,000
unit/mL). The KnockOut™ DMEM can be replaced by conventional DMEM or (KnockOut™)
DMEM/F12.

Although media prepared from powder are far cheaper than using liquid directly, experiments
always use embryo- or cell culture-tested grades liquid media or solutions, as they are more
consistent and efficient for derivation of mESCs, especially when KSR ESC media are used in
cultivations. The variable quality of homemade ultrapure ddH2O might prove problematic.
However, once the mESCs established, the media prepared from powder could be used for
routine cultivation.

To enhance the successful derivation of mESCs, the basal KSR ESC medium is supplemented
with 0.5 μM PD0325901 (MEK inhibitor), 3 μM CHIR99021 (GSK3 inhibitor) (2i) [48], and 10
μM ACTH 1–24 (adenylyl cyclase inhibitor) [59].

3.4. Derivation of mouse ES cells

Natural or superovulated 3.5–4.5 dpc morulae and blastocysts are used. Recovered embryos
are washed and placed in the KSOM medium supplemented with 20.85 mM HEPES (HK) at
RT until the next treatment. The zona pellucida of embryos is removed (denuded) in seconds
using acidic Tyrode’s solution. Blastomeres of 2- to 8-cell embryos are separated by incubating
denuded embryos in 0.25% trypsin-EDTA for approximately 3–4 min in a 37°C incubator with
humidified atmosphere of 5% CO2 in air, followed by gentle pipetting using a mouth pipette.
The blastomeres and denuded embryos or hatched (naked) blastocysts are washed and then
plated into 10-μL feeder droplets (P0) in KSR ESC medium supplemented with 2i and ACTH
1–24, which is exchanged 1–2 h earlier. Embryos and blastomeres are cultured in a 37°C
incubator with 5% CO2 in air. Following attachment of embryos or blastomeres to the feeder
cells, the media are exchanged at the second or third day. Thereafter, the media are exchanged
every 1 to 2 days.

After culturing for 6 ± 2 d (for whole embryos) or 9 ± 2 d (for blastomeres), individual three-
dimensional outgrowth is identified visually. The feeder cells and flat growing cells are
removed mechanically by a mouth pipette. The outgrowth in the same droplet is washed with
TrypLE™ Express once and then incubated with TrypLE™ Express in a 37°C incubator for
approximately 13 ± 3 min. The outgrowth is washed with KSR ESC medium once and then
disaggregated into clumps and single cells, which are reseeded onto fresh 20-μL droplets (P1).
After 4 ± 1 d, only morphologically mES-like colonies are then passed (via TrypLE Express) to
fresh 1 or 2 wells of 4-well cell plates (P2), and thereafter to either 4-well plates or 35-mm cell
culture dishes (P3) depending on the number of cells. Once mES-like cells are growing in 4-
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well plates and larger dishes, KSR ESC medium (2i + ACTH 1–24 is option) is used for
subsequent propagation. At passages 5 ± 2, mES-like cells are frozen in FBS supplemented with
10% (v/v) dimethyl sulfoxide (DMSO). The typical duration of the above-described process of
mESC derivation (from embryos to freezing of subconfluent 35 mm-dishes) is ranging from
14 to 20 days.

Practically, the first 2–3 passages are critical for successful derivation of mESCs. This protocol
suggests that one use KSR ESC medium containing 2i + ACTH 1–24 only for the first 10-μL
droplets for embryo outgrowth (P0) and second (for single cells and clumps of digested
outgrowths, P1) and/or third 20-μL (for mES-like cells, P2) droplets. Once mES-like cells are
growing on 4-well plates (P2–3), KSR ESC medium is used thereafter for all following culti‐
vations.

The success rates in establishing B6 mESCs by this simple protocol are always greater than
50% for 2.5–4.5 dpc embryos. This efficiency is comparable to that achieved in two other studies
[56,109] and much better than those in many other studies [32,38,61,82,103-108]. This proposed
protocol has a simple layout, is easy to operate, is highly efficient, is reproducible, and can be
an alternative method for establishing mES cell lines routinely.

4. Conclusions

Zygotes to hatched embryos and blastomeres, ICMs, and the epiblasts of early-stage pre-
implantation embryos can be used to establish mESCs. Both embryos and blastomeres have
an extremely high capability for cell division and differentiation. Theoretically, chemical
cocktails that can completely inhibit endogenous differentiation, increase cell division, and
decrease apoptosis of pre-implantation embryos can be helpful to maximize the derivation
efficiency of ESCs.

Culturing pre-implantation embryos, no matter what strains, on a very small surface area
coated with feeder cells in a chemically defined medium supplemented with differentiation
inhibitors (e.g., 2i) and/or proliferation enhancers/stimulators (e.g., LIF and ACTH 1–24) can
be used as a routine protocol to establish mESCs efficiently and reproducibly (always more
than 50%, occasionally reaching 100%). Unfortunately, the same protocol when using 1/8
blastomeres to derive mESCs is merely acceptable (10–25%). Obviously, the possibility to
increase the efficiency of deriving mESCs from whole embryos is limited and unexciting unless
novel differentiation inhibitors or proliferation enhancers/stimulators reveal the effectiveness
of using 1/8 blastomeres and embryos from species other than rodents.
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1. Introduction

Pregnancy rates achieved by intercourse in normal human couples are 20-25% per month, 75%
by six months, and 90% by one year [1]. However, 15% of couples of unknown fertility status
are unable to conceive a baby after one year of intercourse without contraception. For 30% of
these couples, their infertility can be attributed to a male factor alone; in an additional 20%,
failure to conceive is explained by the presence of both male and female factors [2,3,4]. Among
couples known to be infertile, a male factor is involved in 50% of the cases. The most common
causes of male infertility include abnormal sperm production or function, impaired delivery
of sperm, and overexposure to certain gonadotoxins in the environment. The pathogenesis of
male infertility can be attributed to a disorder of germ-cell proliferation and differentiation or
to somatic cell dysfunction [5].

The induction of spermatogenesis depends on the complementary actions of FSH and
testosterone. FSH establishes the requisite Sertoli cell population. In the prepubertal primate,
FSH alone can induce proliferation of Sertoli cells and spermatogonia, but this does not result
in qualitatively and quantitatively normal spermatogenesis unless testosterone is simultane‐
ously present [6] [7]. Testosterone affects the functional completion of meiosis and post-meiotic
sperm differentiation and maturation. LH stimulates Leydig cells to produce testosterone.
Although FSH appears to play a more dominant role in the maintenance of primate sperma‐
togenesis than in its initiation, normal spermatogenesis is best maintained by the combined
effects of FSH and LH [6].

The most severe form of male infertility is nonobstructive azoospermia, which is typically
characterized by small-volume testes and elevated FSH. Patients with this disorder cannot

© 2013 Kobayashi et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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produce biological children. Although microdissection testicular sperm extraction (micro-
TESE) is used to treat patients with nonobstructive azoospermia [8], this technique does not
have a good success rate. Therefore, new approaches are needed to develop treatments for
male infertility.

Stem cells have the potential to differentiate into a variety of functional cell types in the body,
and their discovery has given rise to the fields of regenerative medicine and cloning. Stem cells
are regulated by the particular microenvironment in which they reside; these microenviron‐
ments are referred to as niches. Male germline stem cells can continuously produce sperm
throughout adulthood, and investigators have sought to develop methods using stem cells to
improve or restore fertility.

Embryonic stem cells (ESCs) have the potential to differentiate into nearly every cell type in
the body. As the cells differentiate, they lose the ability to develop into different tissues. In
contrast, specific tissues (gastrointestinal, integumentary, spermatogenic, and hematopoietic
systems) maintain their regenerative capacity in vivo, and in fact, stem cells have been
functionally identified in a wide range of adult tissues. These adult stem cells are believed to
hold great promise for tissue generation in clinical settings. Here, we provide a summary of
the therapeutic potential of stem cells for the rejuvenation of fertility in infertile males. Our
hope is that future research will provide a range of options for the preservation of male fertility
or the reversal of infertility.

2. Differentiation and characterization of human primordial germ cells

Human primordial germ cells (PGCs) can be isolated from tissues and their identity confirmed
by observing their migratory activity in vitro [9]. Cultured human PGCs become human
embryonic germ cells (hEGCs) in vitro, in the presence of feeder cells, leukemia inhibitory
factor (LIF), and basic fibroblast growth factor (bFGF) [10]. hEGCs express alkaline phospha‐
tase (AP), OCT4, SOX2, NANOG, stage specific embryonic antigen (SSEA)-3, SSEA-4,
TRA-1-60, and TRA-1-81, which are pluripotent stem cell markers. In vivo, human PGCs do
not express FGF4, SOX2 [11] [12], TRA-1-60, or TRA-1-81 [13] [14], which are expressed by
hESCs or hEGCs in vitro. The molecular signature of human PGCs in vivo can be characterized
as C-KIT+, SOX2-, TRA1-60-, TRA1-81-, and FGF4-, in contrast with human pluripotent stem
cell lines in vitro. (This information is summarized in Table 1.) However, the full complement
of genes that are expressed specifically in human PGCs and their functions remain unclear.

3. Spermatogonial stem cells

Spermatogenesis is a complex and tightly regulated process in which a small pool of germ-
line stem cells ultimately gives rise to spermatozoa [15]. These stem cells, called spermatogo‐
nial stem cells (SSCs) are found in the basal compartment of the seminiferous epithelium,
where they adhere to the basement membrane. SSC self-renewal ensures the maintenance of
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the stem cell pool, while their differentiation generates a large number of germ cells. Therefore,
a balance between SSC self-renewal and differentiation in the adult testis is essential to
maintain normal spermatogenesis and fertility throughout life. SSCs need to reside in a unique
environment, or niche, that provides the factors necessary for their survival and potency. In
mice, Sertoli cells in the testis are a crucial component of the spermatogonial stem cell niche.
They produce glial cell line-derived neurotrophic factor (GDNF), a distant member of the
TGFβ family, which controls SSC self-renewal [16]. Several groups have reported that adding
GDNF to freshly isolated germ cells in culture results in the proliferation of SSCs [17,18]. Other
factors within the niche influence the fate of SSCs. One example is colony-stimulating factor 1
(CSF1), which is produced by Leydig cells and some peritubular myoid cells [19], and plays a
role in SSC self-renewal (Figure 1).

The existence of SSCs was postulated almost 40 years ago on the basis of morphological studies
[20] [21] [22] and observations of toxin-induced spermatogenic damage. The early studies of
Clermont [23] [24] on human spermatogenesis revealed two types of spermatogonia, the
Adark and Apale spermatogonia, which were differentiated by the staining pattern of their
nucleus. Both cell types are generally considered stem cells [24,25]. Adark spermatogonia
function as reverse stem cells that rarely divide, but can be triggered to self-renew in the case
of injury or disease, while Apale spermatogonia are self-renewing stem cells [23,24,25,26]; they
also divide into B spermatogonia, which further divide into spermatocytes [24].

In the last decade, molecular markers that can be used to identify and characterize human SSCs
have been sought. A recent study reported that the expression of surface marker G protein
coupled receptor 125 (GPR125) can be used in the isolation, characterization, and culture of
putative human SSCs [27]. GPR125-positive spermatogonia are very rare, possibly limited to
Adark spermatogonia or a sub-population of Apale spermatogonia. Human SSCs are also positive

Table 1. Markers of human pluripotent stem cells and germ cells.
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for some markers identified in mouse SSCs and other undifferentiated spermatogonia,
including GFRA1, UCHL1 (PGP9.5), ZBTB16 (PLZF), and THY1 (CD90) [27,28]. We also have
obtained evidence that THY1 is a potential surface marker for human SSCs [29].

Brinster and colleagues proved the existence of mouse SSCs by using unique approaches [30,
31]. These investigators transplanted cells obtained as testicular homogenates expressing the
LacZ gene into the seminiferous tubules of otherwise sterile mice with a Sertoli-cell-only
pathology. After three months, the transplanted spermatogonial stem cells had engrafted and
colonized the seminiferous tubules. Spermatogenesis was restored.

The clinical implications of this work are enormous. The findings suggest that the isolation,
enrichment, and cryopreservation of spermatogonial stem cells prior to chemotherapy or
radiation therapy, with later autologous transplantation, may offer the potential for the
subsequent restoration of fertility. The development of this technique will be especially
important for survivors of childhood cancer. Adult patients can also bank sperm for cryopre‐

Figure 1. Diagram of the spermatogonial stem cell (SSC) niche showing that extrinsic factors drive SSC maintenance
and self-renewal. SSCs and Sertoli cells are attached to the basement membrane. Sertoli cells produce glial cell line-
derived neurotrophic factor (GDNF) and basic fibroblast growth factor (bFGF). Leydig cells and peritubular cells pro‐
duce colony-stimulating factor-1 (CSF-1).
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servation. However, most couples would prefer a naturally conceived child. Work has
progressed in many laboratories to partially enrich the spermatogonial stem cells of species
ranging from mice to primates. Today, many urologists bank a testicular biopsy from patients
about to undergo chemotherapy, with the expectation that technology will advance rapidly
over the next 10 years and allow transplantation in the future.

4. Pluripotency of human testis–derived ESC–like cells

Previous studies have demonstrated that neonatal and adult germline stem cells (GSCs) can
be self-reprogrammed into ESC-like cells, called germline-derived pluripotent stem cells
[32,33,34,35]. In addition, Conrad et al. [36] reported that pluripotent cells can be derived from
human testis, which those authors called human adult GSCs (haGSCs). Other research groups
subsequently claimed that ESC-like cells could be obtained from cultures of human testicular
cells [37,38,39]. Conrad and colleagues compared the global gene expression profile of hESCs
and haGSCs, and concluded that the populations presented a similar gene expression profile,
and thus, that the haGSCs were pluripotent. However, Ko et al. claimed that the gene expres‐
sion profile of haGSCs differed substantially from the pluripotent profile of hESCs, determined
by a number of laboratories [40]. For example, the haGSCs did not express NANOG, and had
low OCT4 and SOX2 levels, but showed high levels of the fibroblast markers SNA12 and
ACTA2 [40]. Ko and colleagues therefore suggested that the haGSCs originated from fibroblast
cells, rather than from pluripotent tissue. They concluded that haGSCs were very similar to a
human testicular fibroblast cell line (hTFCs) [40]. Conrad and colleagues argued that micro‐
array data sets cannot be compared unless they are processed in parallel in the same experi‐
ment, suggesting that the similarity between haGSCs and hTFCs was inconclusive. However,
studies on microarray results generated by different laboratories [41,42,43] have shown that
findings from microarray analyses are comparable across multiple laboratories [44], particu‐
larly when a common platform and set of procedures are used. These findings justify the utility
of microarray repositories, such as the GEO database [45], not only as data warehouses but
also as resources for comparative and combinatory analyses of microarray data from different
laboratories. In conclusion, the global gene expression analysis of haGSCs demonstrated that
these cells resembled fibroblast hTFCs more than pluripotent hESCs.

5. Induced pluripotent stem (iPS) cells

The year 2006 saw the first description of mouse induced pluripotent stem cells (miPSCs),
which were generated by the retrovirus-mediated transduction of four transcription factors
(OCT3/4, SOX2, KLF4, and C-MYC) into mouse fibroblasts [46]. Human somatic cells can be
reprogrammed to become human iPSCs via the introduction of a small set of genes, either
those encoding OCT3/4, SOX2 and KLF4, with or without the addition of C-MYC, or an
alternate combination of OCT3/4, SOX2, LIN28, and NANOG [47,48,49,50,51,52,53,54,55].
Human iPSCs (hiPSCs) have remarkable similarity to hESCs in terms of their morphology, in
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vitro characteristics, proliferation rate, gene expression, and ability to differentiate into
mesoderm, endoderm, and ectoderm, both in vitro and in vivo, in teratoma assays [56,57].

In our laboratory, we induced iPS cells from adult human testicular tissue by introducing four
transcription factors, OCT4, SOX2, KLF4, and C-MYC, using lentiviral vectors [58]. We also
generated ES-like cells from 293FT cells by using OCT4, SOX2, NANOG, and LIN28 [59].
Finally, we generated iPS cells derived from the human testicular tissue of individuals with
Klinefelter syndrome (KS, also called 47, XXY) [60].

6. Germline differentiation from ESCs and iPSCs in humans

Recent studies indicate that mouse [61,62,63,64,65] and human [66,67] [50,68,69,70,71] ESCs
can differentiate in vitro into oocyte- or sperm-like cells. In particular, Clark et al. first reported
the spontaneous differentiation of germ cells in embryoid bodies derived from human ESCs
[66]. Male germline cells express specific RNA and protein markers, such as VASA. In 2009,
Park et al. demonstrated that PGC-like cells can be differentiated from human iPSCs [50].
Subsequent reports on male germline differentiation from stem cells have used one of three
approaches: (1) specific culture conditions, (2) manipulation of gene expression, and (3)
purification of germ cells.

Culture conditions supporting differentiation into germline cells. Bucay et al. observed that
as hESCs differentiate into putative germline cells, they also produce Sertoli-like support cells
[69]. In addition, co-cultures of hESCs and hiPSCs with human fetal gonadal stromal cells [50],
mouse Sertoli cells [72], or mouse embryonic fibroblasts [67] resulted in the increased efficiency
of germ cell-like differentiation. Co-culture systems are used to mimic a suitable microenvir‐
onment for the growing germ cells. For the differentiation of germline-like cells from hESCs
and hiPSCs, cytokines and other cell-signaling molecules are often added to the cultures. For
example, BMP4 and other BMPs are added to promote PGC-like differentiation from hESCs
and hiPSCs [73,74,75]. In addition, retinoic acid has been used to stimulate meiosis [75] [76].
Panula and colleagues reported the differentiation of fetal- and adult-derived iPSCs into germ
cells, and showed that ~5% of human iPSCs differentiated into PGCs following induction with
BMPs [77].

Manipulation of gene expression. By manipulating gene expression, researchers can regulate
the cell lineage decisions of differentiating pluripotent stem cells. Overexpression of DAZL
and VASA promotes PGC formation in differentiating human ESCs and iPSCs [78]. In addition,
Kee and colleagues (2009) reported that hESCs differentiate into germline cells that initiate
meiosis and progress to form haploid germ cells. These authors indicated that the overexpres‐
sion of members of the DAZ gene family, DAZ, DAZL, and BOULE, promoted the progression
of PGCs to meiosis and the production of haploid cells, a process that is unique to germ cell
development [71].

Purification of germline cells. The isolation and purification of germline cells from stem cell
cultures (ESCs and iPSCs) can be performed efficiently when specific antibodies for germ cell
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surface markers are available. To purify PGC-like cells from differentiating human ESCs and
iPSCs, cell sorting with specific antibodies for SSEA1 [68], SSEA1 and C-KIT [50] [79], or CXCR4
[69] has been effective. In particular, Eguizabal et al. (2011) published a straightforward
protocol for germline cell purification that requires only three steps. First, human iPSCs and
hESCs are allowed to differentiate for 3 weeks in a monolayer, in the absence of growth
cytokines. Second, the cells are cultured for 3 weeks in the presence of retinoic acid. Finally,
after these 6 weeks of differentiation, the cells are sorted for a specific combination of surface
markers (CD49f++, CD9+, CD90-, and SSEA4-), and the isolated fraction is cultured in the
presence of LIF, bFGF, Forskolin, and CYP26 inhibitor for 4 more weeks [76].

7. Germline differentiation from porcine iPSCs, non–human iPSCs

Despite their undoubted promise as sources of cells for tissue transplants, many roadblocks
remain against using human ESCs clinically. Particularly troubling is the lack of tests for the
efficacy of such therapies and the safety of transferring these cells in animals whose anatomy
and physiology resemble those of humans better than mouse models do [80] [81] [82] [83] [84].
The pig is a potentially useful model in this regard, because of its similarities to humans in
organ size, immunology, and whole animal physiology [85] [86] [87]. It was reported that
porcine somatic cells can be reprogrammed to form piPSCs [88]. However, no reports on
germline development from piPSCs have been published to date.

8. Conclusions

Research on stem cells has shown remarkable progress over the past 5 years. In particular, the
development of human iPSCs has opened new avenues into the generation of an in vitro disease
model of male infertility. However, improvements are still needed before stem cells can be
used clinically. For the treatment and diagnosis of male infertility, future advances may enable
spermatids to be differentiated from germline stem cells or iPS cells. In addition, by examining
patient-specific iPSCs that are defective in their ability to generate germ cells and comparing
their differentiation capacity with that of normal human ESCs and iPSCs, researchers can hope
to uncover the nature of male infertility and to design new methods to reverse it.
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1. Introduction

During early development, human dental pulp is originated from neural crest, which is a
transient embryonic structure (Fig. 1). According to current knowledge, neural crest stem cells
(NCSCs) have the capacity to self-renewal and display a developmental potential almost the
same as embryonic stem (ES) cells (Kerkis and Caplan, 2012). These postmigratory NCSCs
generate all craniofacial bones, the majority of the peripheral nervous system cells and tissues,
as well as several non-neural cell types, such as smooth muscle cells of the cardiovascular
system, pigment cells in the skin, cartilage, connective tissue, corneal epithelium and dental
pulp among them. Although postmigratory, postnatal NCSCs are of restricted developmental
potential they maintain functional characteristics resembling their embryonic counterparts
and an ability to differentiate into a broad spectrum of cell types (Le Douarin et al., 2004, 2007,
2008; Dupin et al., 2007; Le Douarin & Dupin, 2003, 2012).

Figure 1. Early development of NCSCs. According to current knowledge, migrating neural crest cells are stem cells that
display almost the same potential as ES cells.
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The marathon of induced pluripotent stem cells (iPSC) started when Yamanaka in 2006, by
forcing the expression of certain pluripotent genes in fibroblasts, reversed them into a
pluripotent state similar to ES cells (Takahashi &Yamanaka, 2006). The main goal of iPSC
generation is to create patient-specific cells, which would be advantageous for cell therapy due
to immune compatibility (Ohnuki et al., 2009). Research involving the production of iPSC is
being developed around the world. Production of iPSC opens new avenues for understanding
human genetic diseases; embryogenesis and will likely have a great impact in drug screening
and toxicological tests. However, fibroblasts, which were firstly used for iPSC production,
present low efficiency and slow process of reprogramming. Moreover, these cells throughout
all life are exposed to environmental factors, which can compromise their use as genetic models
(Liu, 2008; McDevitt & Palecek, 2008; Nishikawa et al., 2008; Yu & Thomson; 2008; Zhao &
Daley, 2008; Maherali & Hochedlinger, 2008; Ooi et al., 2012). Indeed, more immature somatic
cells such as, postmigratory NCSCs, and adult stem cells isolated from young organism
showed high efficiency of reprogramming (Zouboulis et al., 2008; Muchkaeva et al., 2012).
Because of the possibility to isolate NCSCs from easily accessible tissue (e.g. baby teeth is
discarded), the dental pulp derived somatic cells have become an ideal model system to study
stem cell biology in diseases during different stages of the development (childhood, youth,
middle-aged and old) with a special focus on non-invasive source of the cells for investigation
of pediatric diseases (Kerkis & Caplan, 2012; Lizier et al., 2012).

Our group isolated and fully characterized human immature dental pulp stem cells (hIDPSC),
which is a very attractive cell type, from deciduous teeth (baby teeth) (Kerkis et al., 2006; Lizier
et al., 2012). The hIDPSC present fibroblast-like morphology, retain characteristics of adult
multipotent stem cells and express at least one of three transcription factors: Oct4, Nanog and
Sox2 (Kerkis et al., 2006; Lizier et al., 2012). We also used these cells as an alternative source
for iPSC derivation (Beltrão-Braga et al., 2011) (Fig. 2).Different research groups derived iPSC
from dental pulp fibroblasts and stem cells from young, middle aged and old patients. The
difference was observed between the protocols and efficiency of iPSC generation in all these
studies (Yan et al., 2010; Tamaoki et al., 2010; Oda et al., 2010; Beltrão-Braga et al., 2011). The
present chapter is focused on comparative investigation of the methods and efficiency of iPSC
generation from dental pulp stem cells and fibroblasts (control). Differentiation potential,
assuredness and the future perspectives of the use of these iPSC derived from dental pulp stem
cells in basic research and in biotechnology will also be broadly discussed.

2. Dental pulp somatic cells used for iPSC generation

Human dental tissues are rich in stem cells (Giordano et al., 2011; Kerkis & Caplan, 2012).
Different research groups isolated and characterized several types of stem cells used for iPSC
generation: (i) from apical papilla (Yan et al., 2010), (ii) from dental pulp of primary exfoliated
deciduous teeth (Yan et al., 2010; Beltrão-Braga et al., 2011) and (iii) from wisdom teeth
(Tamaoki et al., 2010; Oda et al., 2010). SCAP (stem cells from apical papilla) were obtained
from tissue at the apex of a tooth root (Yan et al., 2010). SHED (stem cells from human exfoliated
deciduous) and IDPSC (immature dental pulp stem cells) were derived from exfoliated
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deciduous teeth (Miura et al., 2003; Kerkis et al., 2006). DPCs (dental pulp cells) and MStCs
(mesenchymal/stromal cells) were isolated from human third molars by two independent
groups (Takeda et al., 2008; Ikeda et al., 2008). All these cell types present fibroblast-like
morphology and however differ in methods of isolation, show significant difference in
expression pattern of stem cell markers and in purity of isolated population (Yan et al., 2010;
Beltrão-Braga et al., 2011; Tamaoki et al., 2010; Oda et al., 2010).

Figure 2. iPSC technology. The iPSC production can be induced by forcing the expression of certain pluripotent genes.

2.1. Transduction and reprogramming

For reprogramming of SHED/SCAP/DPSCs, heterogeneous primary human dental stem/
progenitor cell population at passages 2 and 3 were used (Yan et al., 2010). These populations
were tested for their cell surface marker expression by flow cytometry and they were positive
for STRO-1, CD146, CD73, CD90, CD105 and negative for CD14, CD34, and CD45, showing
typical immunophenotype of mesenchymal stem cells (MSC) (Friedenstein et al., 1976; Caplan,
1991). The first study used four factor genes for reprogramming, such as c-Myc [Myc proto-
oncogene protein], Klf4 [Krüppel-like factor], Oct4 [octamer-binding transcription factor 4],
and Sox2 [(sex determining region Y)-box 2] into pLenti6.2/C-Lumio/V5-DEST vector system.
Although the cells started to present morphological changes (fibroblastic to epithelial cell-like
transition), the reprogramming process failed. Further, lentiviral vectors pSin-EF2-gene-Pur
carrying 1 of the 4 factors Lin28 [Lin-28 homolog A], Nanog (Nanog homeobox), Oct4, and
Sox2 were used and first ES-like colonies were obtained. To improve reprogramming efficien‐
cy, human genes c-Myc, Klf4, Oct4, and Sox2 were subcloned into the vector pMXs and
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produced retrovirus was used for second round of transduction. Human fibroblasts, used as
a control in this study, were not able to undergo reprogramming under proposed conditions.

Retroviruses expressing four Oct3/4, Sox2, Klf4, and c-Myc or three (without c-Myc) factors
were used for reprogramming DPCs from wisdom teeth and from human dermal fibroblasts
(HDFs), which was performed according to the methods previously described (Takahashi et
al., 2007). Another group, which used MStCs from wisdom teeth, also demonstrated successful
reprogramming of these cells with pMXs retrovirus vectors containing three human Oct3/4,
Sox2, and Klf4 factor genes (Oda et al., 2010).

IDPSC is a homogeneous population in respect of the expression of MSCs (Friedenstein et al.,
1976; Caplan, 1991) markers, such as CD73, CD105, nestin and vimentin. Within IDPSC
population, several cells also express Oct3/4 and Nanog (Kerkis et al., 2006; Lizier et al., 2012).
To reprogram IDPSC, our group used four Yamanaka’s factors (Klf4, Oct4, c-Myc and Sox2)
and previously established protocol (Takahashi et al., 2007; Beltrão-Braga et al., 2011).

2.2. Formation of ES cell-like colonies and expansion

There are several important points that should be considered when iPSC are isolated and
expanded: (i) the use of mouse embryonic fibroblasts (MEF) as a feeder layer, (ii) the efficiency
of reprogramming and (iii) the efficiency of expansion (Takahashi & Yamanaka, 2006;
Lewitzky & Yamanaka, 2007; Bilic & Belmonte, 2012). Isolation of iPSC on MEF limits the
manipulation and further clinical application of these cells. Thus, isolation and expansion of
iPSC without MEF is an important step, which avoids contamination of human cells with
animal products. Efficiency of reprogramming depends on different factor, such as gene
expression profile of cells, which were used in experiments. It has been shown that more
immature cells undergo this process more efficiently, then committed or terminally differen‐
tiated cells (Zouboulis et al., 2008; Muchkaeva et al., 2012). And finally, during reprogramming,
the cells receive different number of reprogramming factors and/or they did not respond
equally to this process, therefore multiple ES-like did not complete reprogramming or non-ES
cell-like colonies raised (Aasen et al., 2008; Marchetto et al., 2009). SHED/SCAP/DPSCs/DPCs/
MStCs-derived iPSC were obtained using MEF as a feeder layer (Yan et al., 2010; Tamaoki et
al., 2010; Oda et al., 2010). IDPSC-derived iPSC were shown to be obtained under both
conditions: feeder-free on matrigel-coated dishes and on MEF (Fig. 3) (Beltrão-Braga et al.,
2011). It seems that time-course of reprogramming of different cell types varied in accordance
with age of cell donor, cell type and number of factors used. Thus, SHED/SCAP/DPSCs-
derived iPSC, showed the formation of the first colonies ~2-3 weeks after gene transduction.
DPCs-derived iPSC were reprogrammed in ~14 days, when 4 factors were used and in ~ 20-25
days, when reprogramming was performed with only 3 factors. MStCs-derived iPSC were
reprogrammed in ~25 days, while IDPSC-derived iPSC demonstrated the formation of first
colonies at ~ day 5-11. All studies demonstrated that efficiency of iPSC derivation from dental
pulp tissues is higher than that from human dermal fibroblast and primary gingival fibroblasts
(Yan et al., 2010; Tamaoki et al., 2010; Oda et al., 2010; Beltrão-Braga et al., 2011). Because the
MStCs were a heterogeneous cell population, Oda and co-authors (2010) additionally used
clonally expanded MStCs in reprogramming experiments. They observed that reprogramming
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efficiency in clonally expanded MStCs was higher and it correlates with cell proliferative
ability. The clones, which showed higher proliferative ability, demonstrated a rate of reprog‐
ramming ~ 30–100-fold higher than HDFs and ~ 7-fold higher than clones with lower prolif‐
erative ability. The IDPSC also present high reprogramming efficiency and no difference was
observed between the cells from both donors. Therefore, difficulties in reprogramming SHED/
SCAP/DPSCs can be related with cell heterogeneity of original populations (Yan et al., 2010).

Figure 3. hIDPSC-derived iPSC. (A) Representative figure of morphological characteristics of hIDPSC in vitro culturing
(light microscopy). (B-D) iPSC derivations were shown to be obtained under both conditions: feeder-free, on matrigel-
coated dishes (B and C) and on MEF (D).

Furthermore, the aging process influences all organs, tissues and cells of organism. The studies
showed that this factor is also important for cells reprogramming (Zouboulis et al., 2008; Banito
et al., 2009). SHED/SCAP/DPSCs/DPCs/MStCs/IDPSC were isolated from young donors of
variable ages 7, 10, 12, 13, 14 16, 19, 20 and 24 years old. The difference in efficiency of iPSC
generation was observed between MStCs isolated from third molars of 10-, 13-, and 16-year-
old donors. More efficient reprogramming was observed when MStCs from the 10-year-old
donor were used. Similar observation was made by Tamaoki and co-wokers (2010). In our
study we used IDPSC from 7 years old donors and we observed rapid and efficient reprog‐
ramming in both cell populations.
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2.3. Provirus integration

Viral vectors are commonly used to deliver genetic material into cells, which can be performed
in vivo (living organism) or in vitro (cell culture). Delivery of genes by a virus is efficient,
however with respect to safety, it is ideal not to use lentivirus and retrovirus vectors, since
they can integrate into the host DNA. As opposed to lentiviruses and retroviruses, adenoviral
DNA does not integrate into the genome and are considered to be safer (Tamaoki et al., 2010).
All studies performed with stem cells of dental tissue origin used lentivirus and/or retrovirus
vectors for reprogramming. Yan and co-workers (2010) examined the presence of transgenes
in the genome of iPSC clones isolating genomic DNA and generating primers specific for each
transgene. They showed that the 4 factors were all integrated into the genome of the transduced
SHED/SCAP/DPSC-iPSC. Other study, which used MStCs from wisdom teeth for reprogram‐
ming, did not provide any records about viral vectors integration (Tamaoki et al., 2010), while
another group demonstrated retroviral silencing (Oda et al., 2010). Beltrão-Braga and co-
authors (2011), which used retroviral vector for reprogramming, showed the lack of transgene
expression by RT-PCR analyses in iPSC-derived from IDPSCs.

2.4. Characterization of SHED/SCAP/DPSCs/DPCs/MStCs/IDPSC-derived iPSC

2.4.1. Expression of pluripotent stem cell markers

As expected in all studies, the iPSC obtained from tissues of dental origin, which showed ES-
like cells morphology, express key markers of pluripotent stem cells in an appropriate manner.
Immunofluorescence study demonstrates uniform expression of these antigens in iPSC
colonies derived from different types of dental stem cells. Transcription factor proteins as
Oct3/4, Nanog, Sox2 demonstrate nuclear localization, while cell surface markers, such as stage
specific embryonic antigen (SSEA) 3 and SSEA4, as well as cell surface antigens of human
embryonic carcinoma cells (TRA-1-60 and TRA-1-81) show cell surface localization. Appro‐
priate expression of transcription factors Klf4, c-Myc, Lin28, that were part of the transgene
used for reprogramming, also was observed (Yan et al. 2010; Tamaoki et al., 2010; Oda et al.,
2010; Beltrão-Braga et al., 2011) (Fig. 4).

2.4.2. Expression of molecular markers of pluripotent stem cells

Only one study performed quantitative PCR analysis before and after reprogramming for
endogenous expression of Oct4, Nanog and Sox2 genes and compared the expression level of
all these genes with those in pluripotent human ES cells. Albeit we revealed a tendency for
increasing of expression of pluripotent factors Oct4, Nanog and Sox2, when compared to non-
reprogrammed cells (18%, 1% and 2%, respectively), it was significantly lower 20% (Oct4), 10%
(Nanog) and 40% (Sox2) in comparison with human ES cells (100% - Oct4, Nanog, Sox2)
(Beltrão-Braga et al., 2011). Other studies did not provide any data about expression of these
key markers in SHED/SCAP/DPSCs/DPCs/MStCs – derived iPSC in comparison with ES cells
(Yan et al., 2010; Tamaoki et al., 2010; Oda et al., 2010). However, Oda and colleagues (2010)
demonstrated that expression levels of Oct4, Nanog, Sox2, Klf4, c-Myc, Lin28 and P53 was
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higher in iPSC derived from clonally isolated MStCs, when compared with parental cell lines,
iPSC-derived from these lines and HDFs, used as a control.

Figure 4. Expression of Oct3/4, Nanog, Sox2 and TRA-1-81 proteins in two lineages of hIDPS-IPSC five days after trans‐
duction with four factors. In A-C3,G) hIDPS-IPSC1 and D-F3,H) hIDPS-IPSC2 are presented, both showing multiple small
colonies, which already express hallmarks of pluripotent cells, such as, A-A3) and D-D3) Oct3/4; B-B3) and E-E3)
Nanog, C-C3) and F-F3) Sox2; G) and H) TRA-1-81, respectively. Nucleus stained with DAPI (blue). Note, that Oct3/4,
Nanog, Sox2 present nuclear, while TRA-1-81 presents cytoplasm localization. Several cells, which did not present ex‐
pression of these proteins and served as a control, are indicated by white arrows. Confocal Microscopy: A-F) Differen‐
tial interference contrast (DIC); A1-F1 and A2-F2) Fluorescent microscopy (Fm); A3-F3, G, H) DIC+Fm. Scale Bars: A-D3,
F-F3, H =50μm; E-E3,G=100μm.

Yan et al., (2010) quantified by real-time PCR the expression levels of endogenous Klf4 and c-
Myc. Klf4 showed relative higher expression in DPC lines than in HDFs, however lower than
in ES cells. Endogenous c-Myc expression in most DPC lines was also slightly higher than that
in HDFs and in a few iPSC clones were close to ES cells. In contrast, Oda et al., (2010) observed
low expression of Klf4 in high reprogramming cells, which was unexpected, once Klf4 is a
reprogramming factor. Yan et al., (2010) showed that endogenous Klf4 expression level
determined by real-time PCR did not completely correlate with the reprogramming efficiency
of each DPCs (wisdom teeth) line. It is noteworthy that highly expression of KLF4 was

Generation of Induced Pluripotent Stem Cells from Dental Pulp Somatic Cells
http://dx.doi.org/10.5772/55856

137



2.3. Provirus integration

Viral vectors are commonly used to deliver genetic material into cells, which can be performed
in vivo (living organism) or in vitro (cell culture). Delivery of genes by a virus is efficient,
however with respect to safety, it is ideal not to use lentivirus and retrovirus vectors, since
they can integrate into the host DNA. As opposed to lentiviruses and retroviruses, adenoviral
DNA does not integrate into the genome and are considered to be safer (Tamaoki et al., 2010).
All studies performed with stem cells of dental tissue origin used lentivirus and/or retrovirus
vectors for reprogramming. Yan and co-workers (2010) examined the presence of transgenes
in the genome of iPSC clones isolating genomic DNA and generating primers specific for each
transgene. They showed that the 4 factors were all integrated into the genome of the transduced
SHED/SCAP/DPSC-iPSC. Other study, which used MStCs from wisdom teeth for reprogram‐
ming, did not provide any records about viral vectors integration (Tamaoki et al., 2010), while
another group demonstrated retroviral silencing (Oda et al., 2010). Beltrão-Braga and co-
authors (2011), which used retroviral vector for reprogramming, showed the lack of transgene
expression by RT-PCR analyses in iPSC-derived from IDPSCs.

2.4. Characterization of SHED/SCAP/DPSCs/DPCs/MStCs/IDPSC-derived iPSC

2.4.1. Expression of pluripotent stem cell markers

As expected in all studies, the iPSC obtained from tissues of dental origin, which showed ES-
like cells morphology, express key markers of pluripotent stem cells in an appropriate manner.
Immunofluorescence study demonstrates uniform expression of these antigens in iPSC
colonies derived from different types of dental stem cells. Transcription factor proteins as
Oct3/4, Nanog, Sox2 demonstrate nuclear localization, while cell surface markers, such as stage
specific embryonic antigen (SSEA) 3 and SSEA4, as well as cell surface antigens of human
embryonic carcinoma cells (TRA-1-60 and TRA-1-81) show cell surface localization. Appro‐
priate expression of transcription factors Klf4, c-Myc, Lin28, that were part of the transgene
used for reprogramming, also was observed (Yan et al. 2010; Tamaoki et al., 2010; Oda et al.,
2010; Beltrão-Braga et al., 2011) (Fig. 4).

2.4.2. Expression of molecular markers of pluripotent stem cells

Only one study performed quantitative PCR analysis before and after reprogramming for
endogenous expression of Oct4, Nanog and Sox2 genes and compared the expression level of
all these genes with those in pluripotent human ES cells. Albeit we revealed a tendency for
increasing of expression of pluripotent factors Oct4, Nanog and Sox2, when compared to non-
reprogrammed cells (18%, 1% and 2%, respectively), it was significantly lower 20% (Oct4), 10%
(Nanog) and 40% (Sox2) in comparison with human ES cells (100% - Oct4, Nanog, Sox2)
(Beltrão-Braga et al., 2011). Other studies did not provide any data about expression of these
key markers in SHED/SCAP/DPSCs/DPCs/MStCs – derived iPSC in comparison with ES cells
(Yan et al., 2010; Tamaoki et al., 2010; Oda et al., 2010). However, Oda and colleagues (2010)
demonstrated that expression levels of Oct4, Nanog, Sox2, Klf4, c-Myc, Lin28 and P53 was

Pluripotent Stem Cells136

higher in iPSC derived from clonally isolated MStCs, when compared with parental cell lines,
iPSC-derived from these lines and HDFs, used as a control.

Figure 4. Expression of Oct3/4, Nanog, Sox2 and TRA-1-81 proteins in two lineages of hIDPS-IPSC five days after trans‐
duction with four factors. In A-C3,G) hIDPS-IPSC1 and D-F3,H) hIDPS-IPSC2 are presented, both showing multiple small
colonies, which already express hallmarks of pluripotent cells, such as, A-A3) and D-D3) Oct3/4; B-B3) and E-E3)
Nanog, C-C3) and F-F3) Sox2; G) and H) TRA-1-81, respectively. Nucleus stained with DAPI (blue). Note, that Oct3/4,
Nanog, Sox2 present nuclear, while TRA-1-81 presents cytoplasm localization. Several cells, which did not present ex‐
pression of these proteins and served as a control, are indicated by white arrows. Confocal Microscopy: A-F) Differen‐
tial interference contrast (DIC); A1-F1 and A2-F2) Fluorescent microscopy (Fm); A3-F3, G, H) DIC+Fm. Scale Bars: A-D3,
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Yan et al., (2010) quantified by real-time PCR the expression levels of endogenous Klf4 and c-
Myc. Klf4 showed relative higher expression in DPC lines than in HDFs, however lower than
in ES cells. Endogenous c-Myc expression in most DPC lines was also slightly higher than that
in HDFs and in a few iPSC clones were close to ES cells. In contrast, Oda et al., (2010) observed
low expression of Klf4 in high reprogramming cells, which was unexpected, once Klf4 is a
reprogramming factor. Yan et al., (2010) showed that endogenous Klf4 expression level
determined by real-time PCR did not completely correlate with the reprogramming efficiency
of each DPCs (wisdom teeth) line. It is noteworthy that highly expression of KLF4 was
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previously reported in senescent cells and terminally differentiated cells (Shields et al., 1996;
Conkright et al., 1999). Taken together, these data suggest that endogenous Klf4 expression
may not be the single factor in charge for the reprogramming efficiency to MSCs derived from
wisdom teeth.

2.4.3. Searching for new factors of reprogramming

Oda et al., (2010) tried to find the additional unknown factor(s) that could help in the cell
reprogramming. They focused their study on practically two genes: PAXIP1 (or PTIP) and
PARP. PAXIP1 acts as component of a histone H3 lysine four (H3K4) methyltransferase
complex (Cho et al., 2007; Patel et al., 2007) and has a role in DNA double-strand break repair
(van Attikum and Gasser, 2009). It was demonstrated that efficient reprogramming of
pluripotent gene (Oct3/4, Sox2) expression is associated with H3K4 methylation in mouse
somatic cell nuclei transplantation into amphibian oocytes (Murata et al., 2010). The expression
of this gene was about 30% more in the high reprogramming cells than in low reprogramming
as well as 3–4 times more in iPSC when compared with each parental cell line. PARP-1 belongs
to PARP family being the most abundant member and is responsible for > 85% of nuclear PARP
activity modifying histone structure through DNA-dependent “PARylation”. Higher expres‐
sion of PARP-1 was also seen after induction of reprogramming in cells derived from wisdom
teeth. The authors supposed that due to possible conformational change of chromatin by
direct/indirect actions of chromatin modification proteins such as PAXIP1 and possibly
PARP-1, high iPSC generation clones may be accessible for reprogramming factors. However,
further investigation is needed to illuminate the iPSC reprogramming mechanisms using these
genes.

2.4.4. Methylation status of cytosine guanine dinucleotides (CpG)

The methylation status of CpG in the promoter regions of Nanog and Oct4 was examined using
bisulfite DNA sequencing method in two studies (Yan et al., 2010; Oda et al., 2010) and of
Nanog in one study (Tamaoki et al., 2010). They showed that parental MStCs from wisdom
teeth were highly (Oct3/4) or partially (Nanog) methylated and the iPSC-derived from these
cells were highly unmethylated, suggesting that these promoters were active after cells
reprogramming. In contrast, the analysis of iPSC clones derived from DPSCs (wisdom teeth)
and SHED (deciduous teeth) showed that Nanog promoter had similar or slightly higher
number of methylated sites, than their non-transduced counterparts. The SHED-/DPSC-iPSC
had less methylated sites of Oct3/4 promoter than the non-transduced cells (Yan et al., 2010).

2.4.5. Telomerase activity

Telomerase activity is known to be highly activated in ES cells in order to maintain the
integrity of chromosome structure. After reprogramming, SHED- (deciduous teeth) SCAP-,
and DPSC (wisdom teeth) - iPSC showed telomerase activity very close to ES cells and a
lot  more in comparison to their  non-transduced counterparts  (Yan et  al.,  2010).  Parental
DPSCs (wisdom teeth) showed low telomerase activity whereas in each iPSC telomerase
activity was high (Oda et al., 2010).
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2.4.6. Karyotype analysis of dental stem cell-derived iPSC

Karyotype study has been performed by all authors and demonstrated that karyotype of
reprogrammed cells remained unchanged (Fig. 5). Overall, during reprogramming of stem cell
from dental pulp, numerical and gross structural chromosomal abnormalities were not
detected (Yan et al., 2010; Tamaoki et al., 2010; Oda et al., 2010; Beltrão-Braga et al., 2011).

Figure 5. Representative figures of karyotype analysis of both hIDPSC and hIDPS-iPSC: Routine Giemsa staining did
not reveal any numerical changes in chromosome number (A and B) and any chromosomal structural changes (B).
Magnification 63X. Differential interference contrast (DIC)

2.5. Differentiation of SHED/SCAP/DPSCs/DPCs/MStCs/IDPSC-iPSC

2.5.1. Embryoid body formation and in vitro differentiation

Similar to human ES cells, iPSC require the formation of embryoid bodies (EB) in order to
undergo  in  vitro  differentiation  into  various  cell  types.  All  studies  confirm  successful
differentiation of iPSC-derived from different types of dental stem cells into all three germ
layers (Yan et al.,  2010; Tamaoki et al.,  2010; Oda et al.,  2010; Beltrão-Braga et al.,  2011).
As expected, the majority of iPSC formed EBs with cystic cavities. The histological analysis
demonstrates that EBs differentiated into different cell  types of ectodermal, mesodermal,
or  endodermal  origin,  which  was  demonstrated  using  antibodies  against  specific  pro‐
teins,  which  is  expressed  in  each  of  three  germ  layers.  It  has  been  shown  that  after
reprogramming, cells tend to maintain their original commitment. Dental pulp stem cells
are  multipotent  stem  cells  derived  from  neural  crest  and  they  showed  strong  commit‐
ment into neural lineages. Therefore, neural differentiation is widely presented in all iPSC-
derived from different  types of  dental  stem cells.  Under appropriate  neurogenic culture
medium,  the  EBs  developed  into  the  cells  with  neural-like  morphology  (Fig.  6),  which
express  such markers  as  nestin,  β-tubulin  III  (TUJ1),  neuron-specific  Enolase  (NSE)  and
glial fibrillary acidic protein (GFAP) (Fig. 6).
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2.5.1. Embryoid body formation and in vitro differentiation

Similar to human ES cells, iPSC require the formation of embryoid bodies (EB) in order to
undergo  in  vitro  differentiation  into  various  cell  types.  All  studies  confirm  successful
differentiation of iPSC-derived from different types of dental stem cells into all three germ
layers (Yan et al.,  2010; Tamaoki et al.,  2010; Oda et al.,  2010; Beltrão-Braga et al.,  2011).
As expected, the majority of iPSC formed EBs with cystic cavities. The histological analysis
demonstrates that EBs differentiated into different cell  types of ectodermal, mesodermal,
or  endodermal  origin,  which  was  demonstrated  using  antibodies  against  specific  pro‐
teins,  which  is  expressed  in  each  of  three  germ  layers.  It  has  been  shown  that  after
reprogramming, cells tend to maintain their original commitment. Dental pulp stem cells
are  multipotent  stem  cells  derived  from  neural  crest  and  they  showed  strong  commit‐
ment into neural lineages. Therefore, neural differentiation is widely presented in all iPSC-
derived from different  types of  dental  stem cells.  Under appropriate  neurogenic culture
medium,  the  EBs  developed  into  the  cells  with  neural-like  morphology  (Fig.  6),  which
express  such markers  as  nestin,  β-tubulin  III  (TUJ1),  neuron-specific  Enolase  (NSE)  and
glial fibrillary acidic protein (GFAP) (Fig. 6).
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Figure 6. Representative figure of in vitro differentiation of hIDPS-iPSC. A) EBs adherent on Petri dish showing differ‐
entiation into neural-like cells after culturing in neurobasal+B27 medium. B) Same as in (A) showing neural-like cells in
high magnification. C) Neural-like cells present positive immunostaining with anti-nestin antibody. D) positive immu‐
nostaining with anti-TUJ1 antibody. E) Neuron-specific enolase positive immunostaining (green) in hIDPS-iPSC derived
neuronal cells. F) Morphological presentation of glial-like cells derived from hIDPS-iPSC. Positive immunostaining for
(F) anti-GFAP antibody in glial-like cells. Nucleus stained with DAPI (blue). A, B= Differential interference contrast (DIC).
C-E=Epi. F= DIC+Epi. Scale Bars: A-F=20μm.

2.5.2. Teratoma formation

To test the pluripotency, iPSC were injected into the testis or intramuscularly into the right
and/or  left  hind  leg  of  severe  combined  immunodeficient  (SCID)  mouse.  Teratomas
formation by SHED/SCAP/DPSCs/DPCs/MStCs–iPSC occurs of nine to eleven weeks after
injection and histological examination of the tumor shows representative tissues of three
embryonic germ layers, such as gut-like epithelium (endoderm), cartilage (mesoderm), and
neuroepithelial rosettes (ectoderm) (Yan et al., 2010; Tamaoki et al., 2010; Oda et al., 2010).
Teratomas obtained from IDPSC-iPSC were formed between 5 and 7 weeks after reprog‐
rammed cells injection. The mice injected with parental IDPSC, as expected, did not form
teratomas.  We observed that teratomas were composed by tissues originated from three
primary  germ  layers.  Histological  characterization  of  tumor  masses  showed  that  these
teratomas includes ectodermal: primitive neural tissues, including neural tube and neural
rosettes  and  retinal  epithelium;  mesodermal:  muscle-like  cells  and  gromerulus-like
structures  and  endodermal  tissues:  respiratory  or  gastro-intestinal-like  epithelium  and
glandular-like tissue formation (Fig. 7). Similar to in vitro differentiation, teratomas derived
from  IDPSC-iPS  cells,  display  strong  neuronal  commitment  forming  rosette-,  neuro‐
sphere-  and  neural  tube-like  structures.  Neuron-specific  enolase,  which  is  a  marker  of
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neurons  and  peripheral  neuroendocrine  tissue,  and  synaptophysin  (a  synaptic  vesicle
glycoprotein),  which is found in neuroendocrine cells as well  as virtually in all  neurons
that  participate  in  synaptic  transmission  in  the  brain  and  spinal  cord  are  expressed  in
neuronal cells produced by IDPSC-iPSC in teratomas (Beltrão-Braga et al., 2011).

Figure 7. HE stained differentiated tissues from hIDPS-iPSC teratoma seven weeks after transplantation into nude
mice right limb. A) Morphogenesis observed during differentiation of hIDPS-iPSC: glomerulus-like structure formation,
with Bowman’s capsule and convoluted tubule–like structures. B) Cartilage and in (C) Condrocytes-like cells (higher
magnification). D) Respiratory-like epithelium. E) Gastrointestinal-like epithelium. F) Neural tubes-like structures. G)
Blood vessel. H) Adipose-like tissue. Magnifications: A, C) 100x, B, D-G) 20x, Scale Bar (H) = 200μm.

2.6. HLA typing

Tamaoki and co-wokers (2010) determined the human leukocyte antigens (HLA) types of 107
dental pulp cells lines in the Japanese population and identified 2 cell lines with homozygous
HLA types at all 3 loci (A, B, and DR) examined. They showed that in the Japanese population
the frequencies of haplotypes of these 2 homozygous cell lines were estimated to be 8.7% and
1.5%, data provided by the Japanese Red Cross Society (http://www.bmdc.jrc.or.jp/stat.html).
Using these frequencies, the coverage rate for a perfect match of iPSC lines, which were
established from these 2 lines was calculated. The authors showed that iPSC lines established
from these 2 homozygous cell lines would cover 16.6% and 3.0% of the Japanese population,
respectively, which corresponds to approximately 20% of the Japanese population.

2.7. SHED/SCAP/DPSCs/DPCs/MStCs/IDPSC-iPSC bank and therapeutic use

One of the major challenge of pluripotent stem cells use in cell therapies is an immune-
mediated rejection after transplantation. Today, this problem can be overcome by direct
reprogramming of patients somatic cells and by creating an iPSC bank consisting of various
HLA types thus providing therapeutic tool for the patients, which need cell transplantation
free from immune-mediated rejection. Two works reported that the establishment of 50 unique
stem cells lines, having homozygous alleles of the 3 HLA loci (A, B, and DR), would cover ~
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90% of the Japanese population with a faultless match of these loci (Nakajima et al., 2007;
Nakatsuji et al., 2008). Considering that iPSC derivation is a time consuming process and of
elevated cost, it should be necessary for cell therapies and regenerative medicine to establish
iPSC banks with a sufficient collection of HLA types, thus avoiding additional costs which are
required for iPSC production for each individual patient.

2.7.1. Requirements of iPSC generation

In spite of optimistic prognosis in respect of how many iPSC should be produced in order
to  satisfy  their  immunological  matching  within  definite  human  population,  several
requirements  must  be  challenged  before  establishing  iPSC  bank.  The  principal  require‐
ment is a method of reprogramming, which should be safe. Therefore, three major concerns
exist in the current reprogramming strategies for clinical applications: (i) the low reprog‐
ramming efficiency of human somatic cells  makes it  difficult  to generate patient-specific
iPSC, when a small amount of the cells of the patient is used; (ii) carcinogenesis may be
caused by genomic integration of  retro-  or  lentiviral  fragments into host  DNA; and (iii)
Myc  is  an  oncogene,  which  after  reactivation  might  cause  malignant  tumor  formation.
Whereas  iPSC  can  be  generated  by  three  transcription  factors  (Oct3/4,  Sox2,  and  Klf4)
without  Myc,  reprogramming  efficiency  are  significantly  reduced.  Although,  several
methods of  iPSC generation without viral  integration have been reported;  their  efficien‐
cies are extremely low in comparison with viral vectors used for induction of reprogram‐
ming (Okita et al., 2008; Stadtfeld et al., 2008; Fusaki et al., 2009; Kaji et al., 2009; Kim et
al., 2009; Soldner et al., 2009; Woltjen et al., 2009; Yu et al., 2009; Yusa et al., 2009; Zhou
et al.,  2009).  Next important issue is  availability of  donor cells,  which can provide high
efficiency in the generation of non-integrated human iPSC. Therefore, source of the cells
also  makes  its  own  demand,  such  as,  it  should  be  easily  accessible  with  minimum
discomfort for the patient, the procedure of stem cell isolation should be non-invasive, the
tissue should be easily processed, the cells should be rapidly proliferating and produced
in  sufficient  quantities,  these  cells  should  be  young  and  collected  from  healthy  volun‐
teers. Furthermore, the possibility of genetic abnormalities in donor cells due to ultravio‐
let (UV) irradiation should be minimized and finally, these cells would be able to be stored
in liquid nitrogen for a long time without the loss of their prime characteristics.

Dental pulp stem cells from deciduous and wisdom teeth are an ideal source that meets
the majority of  aforementioned requirements.  The loss  of  baby (deciduous)  teeth occurs
naturally and they can be removed with minimal discomfort to the patient during a routine
visit to the dentist, in many clinics, as well as wisdom teeth. We also showed that not only
cells, but also dental pulp can be cryopreserved and new cells can be obtained later, after
thawing  (Lizier  et  al.,  2012).  Therefore,  frozen  dental  pulp  does  not  require  in  vitro
cultivation  in  order  to  produce  the  cells  of  donor  until  he  needs  these  cells  for  iPSC
production  and/or  clinical  treatment.  Additionally,  several  dental  pulps  from  the  same
individual can be cryopreserved. This elevates a probability of successful MSCs isolation
in high quantities. These cells are safer, once they can be used by first and second degree
relatives and within all family (Kerkis and Caplan, 2012; Lizier et al., 2012).
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2.7.2. Perspectives of iPSC therapeutic use

Currently,  iPSC are  used to  understand human diseases,  including Alzheimer's  disease,
Parkinson's  disease,  cardiovascular  disease,  diabetes,  and  amyotrophic  lateral  sclerosis
(ALS), to develop and screen bioactive molecules - candidate to therapeutic drugs and to
identify molecules or genes implicated in tissue regeneration. These in vitro studies enable
researchers  to  understand  fundamental  principles  of  iPSC  function  and  differentiation,
which further will provide knowledge, necessary for therapeutic use of iPSC. Based on this
knowledge multiple pre-clinical and clinical protocols will  be produced optimizing iPSC
transplantation  in  diverse  animal  and  human  diseases  thus  becoming  a  tool  in  cell-
replacement therapy. Therefore, iPSC in the future may have tremendous clinical poten‐
tial when highly efficient and safe protocols of generation of reprogrammed stem cells will
be  developed.  Increasing our  understanding of  the  molecular  mechanisms that  underlie
reprogramming,  we  will  be  able  to  identify  the  cell  types  and  methods  of  reprogram‐
ming, which will minimize DNA alterations, and conditions of iPSC cultivation that will
allow widespread use of these cells in clinic. The scientists, however, should answer the
question  if  iPSC  are  truly  equivalent  to  human  ES  cells.  Although  iPSC  potential  for
regenerative medicine is great, our current knowledge about iPSC variability, and utility
must also increase greatly before iPSC became a standard tool for regenerative medicine.

3. Final considerations

Different dental tissues, which include apical papilla, primary exfoliated deciduous and
permanent teeth, as well as wisdom teeth were used to derivate iPSC. The data obtained by
different authors indicate that these tissues can be easily isolated and MSCs cells in sufficient
quantities can be obtained. MSCs in vivo are reversibly arrested cells, which are localized in
their niches maintaining their temporarily quiescent state. They differ from terminally
differentiated cells by developmental path that involves a set of increasingly committed stages
of specialization. The fact that these cells are undifferentiated cells suggests that their reprog‐
ramming will occur more easily than that of terminally differentiated cells. Indeed, all studies
demonstrated that in SHED/SCAP/DPSCs/DPCs/MStCs/IDPSC the reprogramming process
occurs more easily than in human fibroblasts used as a control, under the similar protocols
and vectors used for transduction, which showed to be efficient. It was also possible to
reprogram MSCs from wisdom teeth using only three factors (without c-Myc) avoiding future
implications with potential risks of oncogene use (Yu et al., 2007). For the clinical applications
of stem cells xenogeneic reagents pose the risk of a severe immune response, and the trans‐
mission of viral or bacterial infections, prions, and unidentified zoonosis. We demonstrated
that isolation of IDPSC-iPSC can occur under feeder-free conditions on matrigel-coated dishes.
Clinical stem cell therapy trials are ongoing, which request a strong focus on the safety and
quality of in vitro expanded stem cell transplants. By replacing xenogeneic products with a
defined xeno-free medium, the safety and quality of the cells with therapeutic potential may
be enhanced significantly. Similar to human ES cells, dental MSCs derived iPSC form compact
colony and retain immortal growth characteristics in culture. They express markers charac‐
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90% of the Japanese population with a faultless match of these loci (Nakajima et al., 2007;
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exist in the current reprogramming strategies for clinical applications: (i) the low reprog‐
ramming efficiency of human somatic cells  makes it  difficult  to generate patient-specific
iPSC, when a small amount of the cells of the patient is used; (ii) carcinogenesis may be
caused by genomic integration of  retro-  or  lentiviral  fragments into host  DNA; and (iii)
Myc  is  an  oncogene,  which  after  reactivation  might  cause  malignant  tumor  formation.
Whereas  iPSC  can  be  generated  by  three  transcription  factors  (Oct3/4,  Sox2,  and  Klf4)
without  Myc,  reprogramming  efficiency  are  significantly  reduced.  Although,  several
methods of  iPSC generation without viral  integration have been reported;  their  efficien‐
cies are extremely low in comparison with viral vectors used for induction of reprogram‐
ming (Okita et al., 2008; Stadtfeld et al., 2008; Fusaki et al., 2009; Kaji et al., 2009; Kim et
al., 2009; Soldner et al., 2009; Woltjen et al., 2009; Yu et al., 2009; Yusa et al., 2009; Zhou
et al.,  2009).  Next important issue is  availability of  donor cells,  which can provide high
efficiency in the generation of non-integrated human iPSC. Therefore, source of the cells
also  makes  its  own  demand,  such  as,  it  should  be  easily  accessible  with  minimum
discomfort for the patient, the procedure of stem cell isolation should be non-invasive, the
tissue should be easily processed, the cells should be rapidly proliferating and produced
in  sufficient  quantities,  these  cells  should  be  young  and  collected  from  healthy  volun‐
teers. Furthermore, the possibility of genetic abnormalities in donor cells due to ultravio‐
let (UV) irradiation should be minimized and finally, these cells would be able to be stored
in liquid nitrogen for a long time without the loss of their prime characteristics.

Dental pulp stem cells from deciduous and wisdom teeth are an ideal source that meets
the majority of  aforementioned requirements.  The loss  of  baby (deciduous)  teeth occurs
naturally and they can be removed with minimal discomfort to the patient during a routine
visit to the dentist, in many clinics, as well as wisdom teeth. We also showed that not only
cells, but also dental pulp can be cryopreserved and new cells can be obtained later, after
thawing  (Lizier  et  al.,  2012).  Therefore,  frozen  dental  pulp  does  not  require  in  vitro
cultivation  in  order  to  produce  the  cells  of  donor  until  he  needs  these  cells  for  iPSC
production  and/or  clinical  treatment.  Additionally,  several  dental  pulps  from  the  same
individual can be cryopreserved. This elevates a probability of successful MSCs isolation
in high quantities. These cells are safer, once they can be used by first and second degree
relatives and within all family (Kerkis and Caplan, 2012; Lizier et al., 2012).
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2.7.2. Perspectives of iPSC therapeutic use

Currently,  iPSC are  used to  understand human diseases,  including Alzheimer's  disease,
Parkinson's  disease,  cardiovascular  disease,  diabetes,  and  amyotrophic  lateral  sclerosis
(ALS), to develop and screen bioactive molecules - candidate to therapeutic drugs and to
identify molecules or genes implicated in tissue regeneration. These in vitro studies enable
researchers  to  understand  fundamental  principles  of  iPSC  function  and  differentiation,
which further will provide knowledge, necessary for therapeutic use of iPSC. Based on this
knowledge multiple pre-clinical and clinical protocols will  be produced optimizing iPSC
transplantation  in  diverse  animal  and  human  diseases  thus  becoming  a  tool  in  cell-
replacement therapy. Therefore, iPSC in the future may have tremendous clinical poten‐
tial when highly efficient and safe protocols of generation of reprogrammed stem cells will
be  developed.  Increasing our  understanding of  the  molecular  mechanisms that  underlie
reprogramming,  we  will  be  able  to  identify  the  cell  types  and  methods  of  reprogram‐
ming, which will minimize DNA alterations, and conditions of iPSC cultivation that will
allow widespread use of these cells in clinic. The scientists, however, should answer the
question  if  iPSC  are  truly  equivalent  to  human  ES  cells.  Although  iPSC  potential  for
regenerative medicine is great, our current knowledge about iPSC variability, and utility
must also increase greatly before iPSC became a standard tool for regenerative medicine.

3. Final considerations

Different dental tissues, which include apical papilla, primary exfoliated deciduous and
permanent teeth, as well as wisdom teeth were used to derivate iPSC. The data obtained by
different authors indicate that these tissues can be easily isolated and MSCs cells in sufficient
quantities can be obtained. MSCs in vivo are reversibly arrested cells, which are localized in
their niches maintaining their temporarily quiescent state. They differ from terminally
differentiated cells by developmental path that involves a set of increasingly committed stages
of specialization. The fact that these cells are undifferentiated cells suggests that their reprog‐
ramming will occur more easily than that of terminally differentiated cells. Indeed, all studies
demonstrated that in SHED/SCAP/DPSCs/DPCs/MStCs/IDPSC the reprogramming process
occurs more easily than in human fibroblasts used as a control, under the similar protocols
and vectors used for transduction, which showed to be efficient. It was also possible to
reprogram MSCs from wisdom teeth using only three factors (without c-Myc) avoiding future
implications with potential risks of oncogene use (Yu et al., 2007). For the clinical applications
of stem cells xenogeneic reagents pose the risk of a severe immune response, and the trans‐
mission of viral or bacterial infections, prions, and unidentified zoonosis. We demonstrated
that isolation of IDPSC-iPSC can occur under feeder-free conditions on matrigel-coated dishes.
Clinical stem cell therapy trials are ongoing, which request a strong focus on the safety and
quality of in vitro expanded stem cell transplants. By replacing xenogeneic products with a
defined xeno-free medium, the safety and quality of the cells with therapeutic potential may
be enhanced significantly. Similar to human ES cells, dental MSCs derived iPSC form compact
colony and retain immortal growth characteristics in culture. They express markers charac‐
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teristic of pluripotency including Nanog, Oct-4, SSEA-3, SSEA-4, TRA-1-60, TRA-1-81, exhibit
high telomerase activity and have stable karyotype. Controversies were observed in methyl‐
ation status of CpG in the promoter regions of Nanog and Oct4 in dental tissue derived iPSC.
Thus iPSC-derived from MStCs from wisdom teeth have their promoters of Oct4 and Nanog
highly unmethylated after reprogramming (Yan et al., 2010; Oda et al., 2010). The SHED-/
DPSC-iPSC had less methylated sites of Oct4 promoter than the non-transduced cells (Yan et
al., 2010). What ensues at the molecular level during the reprogramming process, however, is
not fully understood and is the current focus in iPSC research (Amabile and Meissner, 2009).
Furthermore, dental tissue derived iPSC exhibits differentiation potential like human ES cells
and can differentiate in vitro and in vivo into cells of all three primary germ layers (Takahashi
et al., 2007; Yu et al., 2007).

In cell types with endogenously expression of one or more of the factors that induce pluripo‐
tency, such as neural cells that strongly express Sox2, pluripotency may be induced more easily
or even with only a subset of factors (de Souza, 2010). In accordance, we observed that in
hIDPSC, which express these factors, but at low level, the reprogramming was speedier, when
compared with other dental tissue derived stem cells. During reprogramming, the integration
the 4 factors into the genome of the transduced SHED/SCAP/DPSC-iPSC occurred (Yan et al.,
2010). Currently, the nonintegrating reprogramming approaches, which include adenoviruses,
plasmid- and episomal vector-based methods, and delivery of reprogramming factors directly
as proteins have been developed. Additionally, other factors have been identified that can
substitute the four Yamanaka’s traditional transcription factors. Thus, Klf227 and Klf5 can
replace Klf4, Sox1 and Sox3 can replace Sox2, and n-Myc and I-Myc can replace c-Myc
(Nakagawa et al., 2008). Nr5a2 (Nuclear receptor subfamily 5, group A, member 2) can be used
to substitute Oct-4 in the reprogramming of murine somatic cells (Heng et al., 2010). Some
small molecules as the histone deacetylase inhibitor valproic acid can replace Klf4 and c-Myc
for reprogramming human fibroblasts (Huangfu et al., 2008; Lin et al., 2009).

The creation of patient-specific  stem cell  lines is  relevant for the study of basic biology,
molecular mechanisms of various diseases, for drug discovery and for treating a number
of human degenerative diseases without evoking immune rejection. HLA typing of DPC
lines (Tamaoki et al.,  2010) is of extreme importance because allows to limit the number
of  human  iPSC,  which  should  be  obtained  for  each  definite  human  population,  thus
avoiding unnecessary elevated costs of iPSC for cell therapies and regenerative medicine.
So far, human iPSC have been used for the study of the reprogramming process itself and
establishment of disease-specific cell lines and the differentiation of these cell lines into the
different cell  types affected by the disease, such as, spinal motor neurons, dopaminergic
neurons  and  cardiomyocytes  derived  from  patients  suffering  from  amyotrophic  lateral
sclerosis  (Dimos  et  al.,  2008),  spinal  muscular  atrophy  (Ebert  et  al.,  2009),  sporadic
Parkinson’s  disease (Soldner et  al.,  2009).  Exploration of  iPSC is  still  in  its  infancy,  and
understanding the  true  potential  of  these  cells  requires  continued research,  comprehen‐
sion and profound comparisons with human ES cells.
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1. Introduction

Pluripotency and self renewal are the two primary characteristics of pluripotent stem cells
(PSCs) [1]-[4]. Pluripotency refers to the capacity of a single cell to give rise to any cell type of
an embryo or an adult animal [5],[6]. A mammalian organism is developed from a single
fertilized egg, the zygote, in an extremely ordered and error-proof fashion [7]. The zygote and
the subsequent 2 to 4-cell stage blastomere are considered to be totipotent since they can give
rise to the entire fetus, including the embryo and the extra embryonic tissue such as the placenta
and the umbilical cord (Fig.1) [7]. As embryo development proceeds to 8-cell stage and beyond
depending on the species, the cells in the blastomere gradually lose their totipotency. At about
embryonic day 3.5 (E3.5) in mouse (about E5 in human) the blastomere compacts into a
blastocyst in which two distinct cell populations reside. Cells in the outer layer of the blastocyst
form the trophectoderm (TE) which eventually give rise to the extra embryonic tissue,
trophoblast of the placenta, whereas cells in the inside of the blastocyst form the inner cell mass
(ICM). The ICM then gives rise to additional two lineages of cells, the primitive endoderm
(PrEn or hypoblast) and the primitive ectoderm (PrEc or epiblast) (Fig.1). The PrEn produces
the secondary extra embryonic tissues, such as yolk sac, allantois and amnion, while the PrEc
gives rise to all three germ layers of the embryo, namely the ectoderm, the mesoderm and the
endoderm (Fig.1). Although the extra embryonic tissues are indispensible for mammalian
embryonic development, it is the ICM derived PrEc (or epiblast) cells that form all the cells of
an embryo and adult animal, thus these cells are defined as pluripotent [5],[8].

As the embryo implants into the uterus and development further commences to E5-E6.5 days
in mouse, some of the post-implantation epiblast cells are found to maintain the capability of
producing all derivatives of the three embryonic germ layers [1],[5]. The difference between
cells derived from ICM of the pre-implantation blastocyst and those from post-plantation
epiblast is that the ICM derived cells express stage-specific embryonic antigen 1 (SSEA1), give
rise to all three embryonic germ layers, and most importantly, contribute to chimeric mouse

© 2013 Bieberich and Wang; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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and germ line transmission, while those from post-implantation epiblast do not express SSEA1
and do not contribute to chimeric mouse and germ line [1],[5],[9]-[11]. Thus the ICM derived
cells are defined to be in a “naive (or ground, primordial)” state of pluripotency, and those
from post-implantation epiblast are defined to be in a “primed (or refined)” state of pluripo‐
tency [1],[5],[12],[13]. Other in vivo sources of pluripotent cells include the germline cells
extracted either from embryonic or adult male reproduction organs [5],[8] (Fig. 1).

Figure 1. Early embryonic development and sources of PSCs. ICM, inner cell mass; TE, trophectoderm or Trophoblast;
EpiSCs, epiblast stem cells; EGC, embryonic germ cells; iPSCs, induced pluripotent stem cells; MGSCs, male germ stem
cells; PrEn, primitive endoderm; PrEc, primitive ectoderm; ESCs, embryonic stem cells.

Both the innate totipotency and pluripotency are transient developmental stages in the
beginning of embryogenesis [5],[7]. Because of their finite number and transient nature, these
cells are very challenging to study, although scientists have showed immense interest to
understand them since they hold key answers to many aspects of biology and life.

Intriguingly, pluripotency can be captured or induced in cell cultures with defined growing
conditions [14]-[16]. Mouse ESCs (mESCs) are one of the first and best-established ICM-
derived cells (Fig.1 and Table 1). Well defined culture conditions allow mESCs to self renew
infinitely while maintaining a pluripotent state in vitro, providing an invaluable source of cells
for molecular studies and differentiation into a variety of desired cell types (Table 1) [17]-[21].

Despite the genetic similarities between mouse and human, it was until two decades later that
the first human ESCs (hESCs) were established in cell culture [9]. These cells give rise to all
lineages of the primary germ layers and form teratomas (Table 1). Although they were also
derived from ICM of pre-implantation embryos, the hESCs demonstrate many striking
differences from mESCs (discussed in detail below). Since germ line transmission studies
cannot be performed with these cells, it is not known at what exact pluripotency state the hESCs
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are. However, hESCs resemble more closely mouse epiblast stem cells (mEpiSCs), which were
derived from post-implantation epiblast [16],[22], indicating that the hESCs are probably in a
primed state of pluripotency (Table 1).

Decoding the molecular basis of pluripotency and self renewal is fundamental to the under‐
standing of stem cell biology, embryonic development, and clinical application of regenerative
medicine. The in vitro culture of these PSCs, especially those from induced pluripotent stem
cells (iPSCs), has provided an unprecedented tool to investigate deeper into the molecular
mechanism governing pluripotency. Gradually we have uncovered that pluripotency is
regulated by a complex network of factors, including transcription factors and epigenetic
regulators, which trigger multiple signaling transduction pathways, such as the TGF-β
pathway and Wnt pathway. Since the concise molecular mechanism controlling pluripotency
varies among the different kinds of PSCs, we will first give a brief introduction of their
properties.

mECCs mESCs miPSCs mEpiSCs hESCs hiPSCs

Origin Teratoma
ICM of

Blastocyst
Somatic cells Late epiblast ICM of Blastocyst Somatic cells

Teratoma

formation
Yes Yes Yes Yes Yes Yes

Chimera and

germ line

contribution

Yes Yes Yes No Not determined
Not

determined

Culture

conditions
LIF, FBS LIF, BMP4 LIF Fgf2, Activin

Fgf2, Activin,

MEF CM

Fgf2, Activin,

MEF CM

Morphology
Domed

shape
Domed shape

Domed

shape
Flat Flat Flat

X

chromosome
XaXa XaXa XaXa XaXi XaXi XaXi

Pluripotency

status
Naive state Primed state

Not determined, possibly primed

state

Pluripotency

factors
Oct4, Nanog, Sox2, Stat3, Klf2, Klf4, Oct4, Nanog, Sox2

Response to

LIF
Self renewal and pluripotency None

Response to

Fgf2
Differentiation Self renewal and pluripotency

Response to

2i
Self renewal and pluripotency Differentiation and cell death

References 7, 17-19 10-14, 22-28 32-35 3,9,16 4,15 51, 53, 54

Table 1. Properties of some PSCs
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cells (iPSCs), has provided an unprecedented tool to investigate deeper into the molecular
mechanism governing pluripotency. Gradually we have uncovered that pluripotency is
regulated by a complex network of factors, including transcription factors and epigenetic
regulators, which trigger multiple signaling transduction pathways, such as the TGF-β
pathway and Wnt pathway. Since the concise molecular mechanism controlling pluripotency
varies among the different kinds of PSCs, we will first give a brief introduction of their
properties.

mECCs mESCs miPSCs mEpiSCs hESCs hiPSCs

Origin Teratoma
ICM of

Blastocyst
Somatic cells Late epiblast ICM of Blastocyst Somatic cells

Teratoma

formation
Yes Yes Yes Yes Yes Yes

Chimera and

germ line

contribution

Yes Yes Yes No Not determined
Not

determined

Culture

conditions
LIF, FBS LIF, BMP4 LIF Fgf2, Activin

Fgf2, Activin,

MEF CM

Fgf2, Activin,

MEF CM

Morphology
Domed

shape
Domed shape

Domed

shape
Flat Flat Flat

X

chromosome
XaXa XaXa XaXa XaXi XaXi XaXi

Pluripotency

status
Naive state Primed state

Not determined, possibly primed

state

Pluripotency

factors
Oct4, Nanog, Sox2, Stat3, Klf2, Klf4, Oct4, Nanog, Sox2

Response to

LIF
Self renewal and pluripotency None

Response to

Fgf2
Differentiation Self renewal and pluripotency

Response to

2i
Self renewal and pluripotency Differentiation and cell death

References 7, 17-19 10-14, 22-28 32-35 3,9,16 4,15 51, 53, 54

Table 1. Properties of some PSCs
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2. Properties of PSCs

Mouse ECCs: Mouse embryonic carcinoma cells (mECCs), the first PSCs established in cell
culture, were derived in 1964 from teratomas from an inbred mouse line, which produces
spontaneous testicular teratomas (Table 1) [14],[23]. These cells show many aspects of naive
PSCs, such as the expression of antigen SSEA1, differentiation into all three germ layers when
stimulated, and generation of chimeric mice when injected into blastocysts [14],[23]-[25].
However, since the ECCs carry many mutations, the chimeric mice derived from these cells
develop spontaneous tumors [26].

Mouse ESCs: Based on the findings made from mECCs, derivation of mESCs directly from
ICM of normal developing embryos became possible and faster (Fig.1). Two groups, Kauf‐
man’s and Martin’s, isolated such cells in culture from the ICM of pre-implantation blastocysts
using different protocols in 1981 [15],[27]. And it was Martin who coined the term ESCs [27].

mESCs satisfy all the characteristics of naive pluripotency with a normal karyotype, resem‐
bling their in vivo counterparts in terms of expressing the pluripotency factors Oct4, Sox2, and
Nanog, and SSEA1 and alkaline phosphatase (AP) (Table 1). They can be differentiated into
all derivatives of the three germ layers; grow in a dome-shaped morphology; display a high
nuclei/cytoplasm ratio; and most importantly, form teratomas and give rise to germ line
transmission when injected into blastocysts (Table 1) [17]-[21].

The cell cycle control in mESCs also seems to be unique. They have an unusually short G1
phase and no regulation at the G1–S transition, the presence of hyperphosphorylated retino‐
blastoma (RB) protein, and unresponsiveness to activity of cyclin-dependent kinase 4 (CDK4)
[11],[28]. Epigenetically, mESCs possess a hypermethylated genome and both X-chromosomes
are activated if isolated from female embryos [29]-[31].

To grow mESCs, a feeder cell layer of mouse embryonic fibroblasts is typically used, with
medium containing ES qualified fetal bovine serum or knockout serum replacement, leukemia
inhibitory factor (LIF), non-essential amino acid, and β-mercaptoethanol [20],[21],[32],[33]. LIF
serves as the extrinsic factor for pluripotency and self renewal by activating the signal
transducer and activator of transcription 3 (Stat3) pathway [21],[34],[35]. Later it was discov‐
ered that LIF and Bone morphogenic protein 4 (BMP4) can support mESCs pluripotency
without serum (Table 1) [36],[37]. More recently, it has been demonstrated that mESCs can be
derived and maintained using medium containing small molecule inhibitors of glycogen
synthase kinase (GSK3) (which functions to activate the Wnt signaling pathway) and the
mitogen-activated protein kinase (MAPK) signaling pathways, completely devoid of serum
and extrinsic growth factors [5],[38]. This culture media with defined components is termed
the 2i (2 inhibitors) system [5],[38].

Mouse EpiSCs: Mouse Epiblast Stem cells (mEpiSCs) have been derived from post-implan‐
tation blastocysts (E5–E6.5) (Fig.1) [16],[22]. These cells demonstrate the properties of self-
renewal and pluripotency, but they cannot colonize the ICM of a blastocyst and produce germ
line transmission [13],[16],[22]. Thus mEpiSCs are in the “primed” state of pluripotency.
Furthermore, mEpiSCs express high levels of Oct4, Sox2, and Nanog but relatively low levels
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of other pluripotency factors that have been shown to be essential for mESCs, such as Klf4 and
Stella [5],[13],[16]. This suggests fundamental differences in the mechanisms that maintain
pluripotency in mESCs and mEpiSCs [8],[16].

Epigenetically, mEpiSCs display X chromosome inactivation (XCI) as well as stability of the
genetic imprint [3],[5],[8]. This epigenetic status is shared with the late epiblast of the post-
implantation embryo, which reinforces the similarity between cultured mEpiSCs and their in
vivo counterpart. This similarity has been confirmed by gene expression profile experiments,
which show that EpiSCs are closely related to the pluripotent cells located in the epiblast of a
post-implantation embryo [16],[22]

Mouse EpiSCs also differ with mESCs regarding growing conditions, phenotypes and
function. To keep them in a self renewing state, activin, fibroblast growth factor 2 (Fgf2), and
transforming growth factor β (TGF-β) are needed, whereas LIF is dispensable and BMP4 leads
to differentiation (Table 1) [16],[22]. Instead of growing in a dome-shaped morphology as
mESCs, mEpiSCs exhibit a flattened shape and do not propagate well as single cells. Whereas
cell cycle regulation in mEpiSCs remains to be investigated in detail, the doubling time of
mEpiSCs is 18 hours, compared with only 10–14 hours doubling time of mESCs, suggesting
that a normal G1–S transition occurs in mEpiSCs [16],[22].

Human ESCs: Like mESCs, human ESCs (hESCs) were isolated from the ICM of the pre-
implantation blastocyst almost two decades after the isolation of mESCs [9]. hESCs possess
the potential to differentiae into all three primary germ layers and to produce teratomas when
injected into blastocysts [1],[9]. They express high levels of pluripotency factors Oct4, Nanog,
and Sox2, and are positive for SSEA3/4 and AP. However, hESCs share multiple defining
features with mouse EpiSCs rather than mESCs. These characteristics include flat morphology,
dependence on FGF2/Activin signaling to self renew, inclination for XCI, and reduced
tolerance to single-cell dissociation by trypsinization (Table 1). These molecular and biological
similarities with mEpiSCs suggest that hESCs correspond, at least partially, to the primed
pluripotency state rather than to the naive state.

iPSCs: In 2006, Shinya Yamanaka’s research group at Kyoto University made a milestone
achievement by converting adult mouse cells back to a ground pluripotent stem cell-like state
through exogenous expression of only four transcription factors, Oct4, Sox2, Klf4, and c-Myc
[39]. These miPSCs exhibit all characteristics of mESCs, including expression of pluripotency
marker protein, activation of both X chromosomes, and most importantly, the ability to
generate chimeric animals and contributing to germ line transmission (Table 1). Later on,
similar cells were also induced from human somatic cells. hiPSCs resemble more hESCs and
mEpiSCs than mESCs (Table 1)[40]-[42]. As their production efficiency rapidly improved,
iPSCs have soon been able to compete with traditional embryonic and adult stem cells [39]-
[50]. The primary advantages of iPSCs compared to other stem cells are: a) iPSCs can be created
from the tissue of the same patient that will receive the transplantation, thus avoiding immune
rejection, and b) the lack of ethical implications because cells are harvested from a consent
individual. These patient-specific cells can be used to study diseases in vitro, to test drugs on
a human model without ethical concerns, and to hopefully be used as a source of tissue
replacement for diseased and damaged cells.
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3. Embryonic Germ stem Cells (mEGC) and Male Germ Stem Cell (MGSCs)

PSCs have also been derived from reproductive system cells. When cultivated in adequate
growth conditions, reproductive system cells generate ES-like stem cells (it is termed embry‐
onic germ cells (EGCs) if isolated from mouse embryonic day 8.5 embryos [51], or male germ
stem cells (MGSCs) if derived from postnatal male gonads [52]) (Fig.1). The EGCs and MGSCs
are both naive stem cells, capable of generating all three embryonic germ layer cells, teratomas
and chimeras. EGCs and MGSCs have also been derived from human sources, but their
characteristics are not as well defined [53]-[55].

Next we will focus on the mESCs, which are in the naive state, and hESCs, which are probably
in the primed state, to discuss the molecular mechanism of pluripotency maintenance.

4. Transcription factors regulatating pluripotency

An interplay of transcription factors and epigenetic factors participates in the maintenance of
pluripotency of stem cells [34],[35],[56]-[62]. Among them Oct4 (or POU5F1), Nanog, and Sox2
are generally accepted as the core pluripotency factors, since they are vital to maintian the
pluripotency of both the hESCs and mESCs, which are in a different pluripotency state [1],[8],
[63]. These three factors also collectively bind to an array of genes that are essential for
pluripotency and differentiation [1],[8],[63].

4.1. Core pluripotency factors and their transcription cotrol

The POU transcription factor Oct4 is a central player for stem cell pluripotency (Fig.2). Its
expression is strictly confined to the totipotent, pluripotent, and germ cells during early
development. In vitro, the cellular level of Oct4 must be tightly controlled to maintain the
pluripotency status, up- or down-regulation by 50% leads to ESC differentiation [64],[65]. In
vivo, Oct4 deletion in mice leads to ICM failure [57].

The homeoprotein Nanog is another central factor for pluripotency (Fig.2) [66]. The ICM in
Nanog-deficient mice fails to generate epiblast and only produces endoderm-like cells [66].
Furthermore, ESCs derived from Nanog-deficient mice cannot maintain pluripotency and
instead differentiate into extraembryonic endoderm lineages [66]. Mechanistically, Nanog
functions by inhibiting NFκB and cooperating with Stat3 to inhibit cell differentiation in
mESCs [66]-[68].

The third central factor is Sox2 (Fig.2) [3],[5],[63],[69]. Sox2 exhibits an expression pattern
similar to that of Oct4 during development [70]. Genetic ablation studies indicate that silencing
of Sox2 affects a somewhat later stage of embryogenesis, possibly because of a stronger
maternal contribution of Sox2 protein. Key feature of acute Sox2 loss appears to be an inability
to sustain appropriate Oct4 levels [70].

Pluripotent Stem Cells158

Figure 2. Schematic representation of the transcriptional regulation of core pluripotency factors and the extended
factors

These three core factors do not function by themselves. Instead they are involved in a multiple-
gene complex to regulate stem cell pluripotency (Fig.2). Their interacting partners have been
extensively studied by coimmunoprecipitation (Co-IP) or chromatin immunoprecipitation
(ChIP) assays in both mESCs and hESCs. Oct4 has been found to associate with Sox2, Nanog,
Smad1, Stat3, TCF3, Rest, Hsp90, etc. [4],[21],[71]-[73]. Nanog seems to interact with Oct4,
Smad1, Nac1, Zfp281, and Hsp90 [21],[72]-[74]. And Sox2 associates with Oct4, Nanog, Klf4,
Rpa1, Sall4, and Npm1 [75],[76].

One unique aspect of the regulation of these core factors is that they act together to regulate
their own promoters, forming an interconnected auto-regulatory feedback loop (Fig.2) [5], [51],
[71]. Another unique aspect is that they co-occupy and active/enhance expression of other
genes necessary to maintain ESC status, while contributing to repression of genes encoding
differentiation signals (Fig.2) [5],[51],[71],[77]-[80]. For example, binding of Oct4 to a promoter
region of a gene increases the likelihood of Nanog, Sox2, and other regulatory factors to bind
to the same promoter [5],[51],[71],[77]-[80].

Apart from transcriptional control of these core factors, post-translational modifications also
play an essential role. Oct4 has been reported to be ubiquitinated in differentiating mouse
embryonic carcinoma cells but not in mESCs [81],[82]. Phosphorylation of Nanog promotes its
interaction with the prolyl isomerase Pin1, leading to increased Nanog stability by suppressing
its ubiquitination[83]. In addition, a recent report demonstrates that Hsp90, a molecular
chaperone, associates with Oct4 and Nanog and maintains their cellular level, possibly through
protecting them against degradation by the ubiquitin protesome pathway [21]. These studies
demonstrate that post-translational modifications and protein stability of the pluripotency
factors is also vital for stem cell pluripotency maintenance.
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4.2. Extended network of regulatory factors

Besides the core pluripotency factors, many other transcription factors participate in the
regulation of stem cell pluripotency, including cMyc, Klf2, Klf4, Stat3, Rex1, Sall4, Zfp281, and
the proteins associated with the three core factors [1],[3],[5]. These transcription factors
participate in the pluripotency regulation in a state or species-specific fashion. For example,
Stat3 plays an important role in mESC pluripotency since target deletion of Stat3 resulted in
early embryonic lethality, and ectopic expression of a dominant-negative Stat3 in ESCs leads
to loss of pluripotency [34],[35]. However, Stat3 is not suficient to maintain the pluripotency
of hESCs and mEpiSCs [21],[84].

5. Signal transduction pathways in pluripotency maintenance

Innate signal transduction pathways are crucially important for understanding the regulation
of the stem cell pluripotency. Extensive efforts, including high throughput genetic and
chemical screening, have been invested into identifying genes and pathways that affect the
core pluripotency factors Oct4, Nanog, and Sox2, or their associated genes. We have now
gradually obtained a glimpse of the intrinsic signalling pathways that are involved in the
regulation of stem cell pluripotency and differentiation. These signallng pathways include the
Wnt pathway, TGF-β pathway, LIF/Stat3 pathway, Fgf pathway, insulin geowth factor (IGF)
pathway, Notch pathway, Hedgehog pathway, etc [3]-[5],[71],[74],[85],[86] (Fig.3). Among
them, the Wnt and TGF-β pathways are most heavily studied and best understood in terms of
their roles in stem cell pluripotency maintenance. Here, we will focus on discussing the Wnt
pathway, TGF-β signaling, LIF/Stat3 pathway, and the Fgf pathway (Figs. 3 and 4).

5.1. WNT signaling pathway

The Wnt pathway plays an important role in tissue development by regulating a wide range
of cellular processes such as proliferation, adhesion, morphology, and migration [87]-[91]. It
consists of over 30 extracellular ligands that bind to Frizzled (FZD) and low-density lipoprotein
receptor related protein (LRP) receptors at the cell surface (Fig.3) [91]. The Wnt ligands are
able to activate both the canonical pathway and the non-canonical pathway [88],[92]. The
activation of Wnt pathway in the canonical pathway results in the preservation of β-catenin
and its subsequent nuclear translocation, which enables downstream gene activation by the
TCF/LEF family transcription factors [87]-[95]. The non-canonical pathway is independent of
β-catenin and involves the activation of several other signaling pathways, such as the JNK
pathway [3]-[5],[88],[91],[92].

The Wnt signaling pathway is directly linked to the core transcriptional network of pluripo‐
tency and is demonstrated to be essential for self renewal and pluripotency of both naïve and
primed PSCs, when LIF is absent. Evidences for this notion include: 1), Wnt signaling is
activated in both mESCs and hESCs, and is down-regulated during differentiation [90]; 2),
activation of the canonical Wnt pathway is required to maintain the expression level of core
pluripotency factors Oct4 and Nanog, through which the self-renewal and pluripotency are
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sustained (Figs. 3 and 4); and 3), ectopic expressing of an constitutively active form of β-catenin
maintains the expression levels of Oct4 and Nanog and thus self renewal and pluripotency in
ESCs [96].

Moreover, Wnt signaling inhibits the differentiation of ESCs, especially to neural differentia‐
tion [90],[97],[98]. Mutation of Apc, an important mediator in the Wnt pathway, leads to
impaired differentiation both in vitro and in teratomas [99]. Furthermore, ESCs with highly
elevated β-catenin levels also have a compromised ability to differentiate [10].

Figure 3. Signaling pathways regulating pluripotency of the primed stem cells, such as mEpiSCs and possibly hESCs

The role of the Wnt signaling in stem cell pluripotency is further confirmed by its down-stream
effectors, the TCF/LEF family of transcription factors [72],[88],[92],[100],[101]. In ESCs, TCF3
is the most abundantly expressed member of this transcription factor family. TCF3-null ESCs
have an increased resistance to differentiation and up-regulation of various Oct4 and Nanog-
regulated genes [74],[102],[103]. Activation of Wnt converts TCF3 into an activator, elevating
the expression of these same targets and suppressing differentiation [103]. TCF3 may also
suppress the expression of Oct4 and Nanog, although its ability to activate these targets is
unclear [104],[105].

However, Wnt signaling alone is not sufficient to support the ground state pluripotency [38].
It has been shown that inhibition of GSK3 in mESCs enhances growth capacity and suppresses
neural differentiation, but it also promotes non-neural differentiation [37], [38]. To block
differentiation of mESCs, the combination of a GSK3 inhibitor and an FGF-Erk inhibitor (the
2i system) [5],[38] is necessary.
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5.1. WNT signaling pathway
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of cellular processes such as proliferation, adhesion, morphology, and migration [87]-[91]. It
consists of over 30 extracellular ligands that bind to Frizzled (FZD) and low-density lipoprotein
receptor related protein (LRP) receptors at the cell surface (Fig.3) [91]. The Wnt ligands are
able to activate both the canonical pathway and the non-canonical pathway [88],[92]. The
activation of Wnt pathway in the canonical pathway results in the preservation of β-catenin
and its subsequent nuclear translocation, which enables downstream gene activation by the
TCF/LEF family transcription factors [87]-[95]. The non-canonical pathway is independent of
β-catenin and involves the activation of several other signaling pathways, such as the JNK
pathway [3]-[5],[88],[91],[92].

The Wnt signaling pathway is directly linked to the core transcriptional network of pluripo‐
tency and is demonstrated to be essential for self renewal and pluripotency of both naïve and
primed PSCs, when LIF is absent. Evidences for this notion include: 1), Wnt signaling is
activated in both mESCs and hESCs, and is down-regulated during differentiation [90]; 2),
activation of the canonical Wnt pathway is required to maintain the expression level of core
pluripotency factors Oct4 and Nanog, through which the self-renewal and pluripotency are
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sustained (Figs. 3 and 4); and 3), ectopic expressing of an constitutively active form of β-catenin
maintains the expression levels of Oct4 and Nanog and thus self renewal and pluripotency in
ESCs [96].

Moreover, Wnt signaling inhibits the differentiation of ESCs, especially to neural differentia‐
tion [90],[97],[98]. Mutation of Apc, an important mediator in the Wnt pathway, leads to
impaired differentiation both in vitro and in teratomas [99]. Furthermore, ESCs with highly
elevated β-catenin levels also have a compromised ability to differentiate [10].

Figure 3. Signaling pathways regulating pluripotency of the primed stem cells, such as mEpiSCs and possibly hESCs

The role of the Wnt signaling in stem cell pluripotency is further confirmed by its down-stream
effectors, the TCF/LEF family of transcription factors [72],[88],[92],[100],[101]. In ESCs, TCF3
is the most abundantly expressed member of this transcription factor family. TCF3-null ESCs
have an increased resistance to differentiation and up-regulation of various Oct4 and Nanog-
regulated genes [74],[102],[103]. Activation of Wnt converts TCF3 into an activator, elevating
the expression of these same targets and suppressing differentiation [103]. TCF3 may also
suppress the expression of Oct4 and Nanog, although its ability to activate these targets is
unclear [104],[105].

However, Wnt signaling alone is not sufficient to support the ground state pluripotency [38].
It has been shown that inhibition of GSK3 in mESCs enhances growth capacity and suppresses
neural differentiation, but it also promotes non-neural differentiation [37], [38]. To block
differentiation of mESCs, the combination of a GSK3 inhibitor and an FGF-Erk inhibitor (the
2i system) [5],[38] is necessary.
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5.2. TGF-β signaling pathway

The TGF-β signaling pathway plays a vital role in both the developmental and adult life of a
mammalian organism by regulating many processes including apoptosis, proliferation,
senescence, inflammation, cell fate, and tissue repair [94],[106],[107]. The TGF-β super family
contains more than 30 growth factors including TGF-βs, BMPs, growth and differentiation
factors (GDFs), Activin, and Nodal [2],[106],[108]. The canonical signaling cascade of TGF-β
pathway involves the ligands of the TGF-β super family binding to cell surface receptors that
activate the Smad proteins in the cytoplasm, which leads to their nuclear translocation and
transcriptional activation of target genes [108]. The noncanonical TGF-β signaling includes
intracellular signaling pathways activated by TGF-β family members that do not activate Smad
proteins [108]. The TGF-β pathway can also be regulated by other key signaling pathways such
as Wnt signaling pathways.

Figure 4. Signaling pathways regulating pluripotency of the naive stem cells, such as mESCs and miPSCs

All members of this family are important for stem cell pluripotency and self-renewal of both
mESCs and hESCs, although the role of these signaling molecules appears to differ between
the two types of cells [109]. In mESCs, BMP4 maintains self-renewal through inhibition of the
MAPK/ERK pathway and the expression of Id protein [36],[37], and promotes mESC prolif‐
eration via an increase in Wnt expression (Fig.4) [86]. In contrast, BMP4 promotes hESC
differentiation through down-regulation of Nanog and Oct4 [110]. Long-term maintenance of
hESC pluripotency therefore requires down-regulation of BMP activity by Noggin and Fgf2
[85]. In hESCs, on the other hand, it is other members of the TGF-β super family that maintain
their pluripotency. Phosphorylation and nuclear localization of Smad2 induced by TGF-β,
Activin, or Nodal signaling was observed in undifferentiated hESCs and is decreased upon
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early differentiation (Fig.3) [111]. Activin A is demonstrated to be able to support long-term
feeder-free culture and maintenance of pluripotency in hESCs by inducing the expression of
Oct4 and Nanog, and suppressing BMP (Fig.3) [87]. Nodal expression also plays a role in the
maintenance of human ES cell pluripotency through the inhibition of neuroectodermal
differentiation, a default differentiation pathway of ESCs (Fig.3) [112]. Furthermore, inhibition
of the TGF-β/Activin/Nodal pathways initiated differentiation and resulted in the decreased
expression of stem cell marker proteins [111],[113].

In addition, Activin and Nodal signaling has been shown to promote mESC self-renewal in
serum-free conditions [114]. It is therefore clear that TGF-β signaling plays an important role
in the maintenance of self-renewal and pluripotency, although the exact mechanism of action
for this family of growth factors appears to differ between family members, pluripotency state,
and species (Figs. 3 and 4).

BMPs are also potent inhibitors of differentiation in mouse embryos. Knockdown of their
down-stream mediator, Smad1 and Smad4, in mESCs leads to a change of the expression
pattern of germ layer markers during differentiation [37],[115],[116]. TGF-β signaling also
participates in the cell fate decision making of mESCs. Multiple cell lineages, including neural,
hematopoietic, cardiomyogenic, and hepatic, have been found to be affected by the TGF-β
family [115],[117]. For example, BMP4 regulates mesodermal cell commitment to the hemato‐
poietic lineage and specifies blood lineages at the later stages of differentiation [118]-[120].
Another study found that BMP4 and Activin induce mesoderm differentiation into cardiac
lineage [121]. In addition, BMP2-induced mesodermal and cardiac specification results in full
cardiogenic differentiation, leading to an enrichment of cardiomyocytes within embryoid
bodies [122]. This ability of the TGF-β family members to commit mESCs toward a mesodermal
fate is thought to be due to Smad-mediated regulation of the Oct4 promoter, further implicat‐
ing a role for Smad signaling in the regulation of the core self-renewal network in ESCs [123],
[124]. Consistent with this notion, it is found that several Smad target genes overlap with genes
bound by the key pluripotency factors, for example, Smad4-regulated genes have a substantial
overlap with those of Sox2, NR0B1/Dax1, and Klf4 [116]. In addition, another study demon‐
strated that several Smad targets were mapped to Nanog, Oct4, and TCF3-bound genes [116].

Jak/Stat3 pathway The self renewal and pluripotency of mESCs are initially maintained by an
extrinsic factor, leukemia inhibitory factor (LIF) [7]. The key downstream mediators of LIF are
the Jak/Stat pathway [7]. Stat3 has multiple roles in the regulation of mESC pluripotency
including gene activation, cell cycle regulation, and inhibition of differentiation pathways [35],
[125]. The activation of the Stat3 pathway by LIF induces transcription of self-renewal and
pluripotency genes such as Nanog [35],[125]. Furthermore, constitutively active Stat3 pro‐
motes mESC self-renewal in the absence of LIF [35],[125]. Stat3 has also been reported to
function through the regulation of c-Myc and Klf family proteins [126],[127], although these
target genes have not been shown to be completely sufficient to replace the effect of LIF. This
ability of LIF-mediated activation of Stat3 to support the long-term self-renewal of mESCs in
vitro has been supported in vivo by the requirement of this pathway in gp130-deficient
blastocysts, an embryonic diapause case [128].
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In addition to Stat3 homodimers, Stat1 is able to heterodimerize with Stat3 in mESCs. However,
Stat1 is unlikely to be required for self-renewal and pluripotency as LIF still maintains
undifferentiated growth of Stat1-deficient cells [129].

Although it is sufficient to maintain the pluripotency of mESCs, the Jak/Stat3 pathway does
not appear to maintain pluripotency of hESCs, which are possibly in the primed state of
pluripotency [90], indicating that the signaling pathways responsible for maintaining pluri‐
potency is species (or pluripotency state)-specific.

5.3. Fgf and the MAPK pathway

Fgf2 (or basic Fgf) is the first growth factor identified as being crucial for hESC pluripotency
maintenance and self renewal. It is widely accepted that a serum-free culture of hESCs on
mouse feeder cells requires soluble Fgf2 [88],[107],[130],[131]. In hESCs, exogenous Fgf2
activates the ERK/MAPK pathway, which is thought to be necessary for the maintenance of
pluripotency, although the mechanism of action is still unclear [130],[132],[133]. In contrast to
hESCs, mESCs and miPSCs do not require the Fgf2 or the ERK/MAPK pathway for pluripo‐
tency and self-renewal (Table 1) [5],[11]. Actually, ERK signaling triggers mESCs to differen‐
tiate towards the primitive endoderm lineage (Table 1) [1],[134]. Interestingly, inhibition of
ERK activity has been shown to enhance the efficiency of mESC derivation from mouse
embryos [135]. The mechanism underlying this seems to be that ERK1/2 activation triggers
mESCs to exit the self-renewal program and enter lineage differentiation [136]. As mentioned
earlier, the direct consequence of this is that blocking the ERK/MAPK-mediated differentiation
pathway can help the derivation and maintenance of naive state PSCs, such as mESCs.

6. Epigenetic factors regulating stem cell pluripotency

Apart from the aforementioned transcription factors, epigenetics factors have also been found
to play a vital role in stem cell pluripotency. These mechanisms include covalent modification
of histone, DNA methylation and acetylation, and non-coding RNAs [31],[62],[137],[138]. Here
we will discuss the functions of noncoding RNAs and chromatin remodeling factors in stem
cell pluripotency.

6.1. Noncoding RNAs

The best understood class of noncoding RNA is the family of microRNAs (miRNAs), short
RNAs capable of destabilizing and repressing specific target RNAs. These miRNAs are
generally generated by the enzymes Dicer and Dcgr8 [139]-[141]. As for their function in stem
cell pluripotency, it has been shown that genetic ablation of these enzymes affects the cell cycle
and differentiation of ESCs [139]-[141]. Furthermore, some specific miRNAs are involved in
pluripotency regulation. For example, mir-302 and mir-290–295 bind directly to and modulate
the core pluripotency factors Oct4, Sox2, and Nanog [6]. miR-145 represses the 3’ untranslated
regions of Oct4, Sox2, and Klf4, thus increasing the amount of mir-145 leads to loss of pluri‐
potency [142]. It is further demonstrated that Oct4 also binds to the promoter of mir-145 and
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suppresses its expression, forming a negative feedback loop involving mir-145, Oct4, Nanog,
and Klf4 [142].

Another very important member of the miRNA family is let7 which has differentiation
promoting activities itself, and also targets some of the pluripotency-associated genes [143],
[144]. Let7 expression is negatively regulated by the RNA binding protein Lin28 [145]. Upon
differentiation of pluripotent cells, Lin28 is down-regulated, resulting in stabilization and
increase in the level of let7 [146]. This in turn provides the basis for establishment of negative
feedback loops in which let7 expression is negatively regulated by the RNA binding protein
Lin28 [145].

Recently, Oct4 has been shown to control and activate the expression of another type of
noncoding RNA, the large intergenic noncoding RNAs [147]. Interestingly, knockdown of the
expression of such RNAs caused growth defects and apoptosis, implying that these noncoding
RNAs are involved in self-renewal and reprogramming of stem cells [147],[148].

6.2. Chromatin remodeling factors

Chromatin remodeling factors are recruited to the DNA to modify the density of the nucleo‐
somes, thereby affecting gene expression [149],[150]. Some of these factors are essential for PSC
viability, stability, and differentiation [31],[151],[152]. The ones known to have the most
profound impact on ESC pluripotency are histone-modifying enzymes, such as Polycomb
group (PcG) protein complexes, SetDB1, and Tip60-p400 [153],[154]. These enzymes repress
genes that encode lineage-specific differentiation regulators by catalyzing methylation or
ubiquitination of the histones in their promoters [153]-[155].

It is demonstrated that sumoylated SetDB1 binds to Oct4 and represses its expression [153],
[156]. Loss of the Tip60-p400 complex affects ESC morphology and state [154]. The Tip60-p400
complex is shown to associate with active promoters in ESCs and appears to be recruited
directly by the H3K4me3 mark and indirectly by Nanog [154]. Interestingly, the complex is
also associated with nucleosomes with H3K4me3 at PcG-occupied genes encoding lineage
specific regulators, where it apparently facilitates repression of these poised genes [154].

7. Conclusion

Our understanding of the nature of pluripotency has been formulated extensively by the
recent development of different lines of PSCs, especially the iPSCs. Although differences
exist  between them,  the  naïve and primed PSCs share  certain  similarities.  For  example,
they both express the core pluripotency factors, Oct4, Nanog, and Sox2. The core transcrip‐
tion factors frequently share enhancers and autoregulate themselves. They also collective‐
ly  bind  to  the  promoters  of  an  expanded  network  of  proteins,  including  pluripotency-
associated factors and lineage-specific factors, to enhance or repress their gene expression,
through  which  the  fate  of  the  cells  is  determined.  The  epigenetic  studies  have  added
another layer of complexity of the regulation of these core pluripotency factors and hence
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pluripotency.  In  addition,  a  recent  study of  our/my laboratory shows that  Hsp90 main‐
tains stem cell pluripotency by associating with and sustaining the cellular levels of Oct4
and Nanog, implying that the maturation or stability of these core pluripotency factors are
crucially important for stem cell pluripotency [21].

Many of the methodologies to induce or convert somatic cells into PSCs involve using chemical
inhibitors targeting specific pathways. This highlights the importance of understanding the
roles of signaling pathways in stem cell pluripotency and self-renewal.

Furthermore, an in-depth understanding of pluripotency is highly applicable to regenerative
medicine. Knowledge of their culture condition, state of pluripotency, and signal transduction
pathways could greatly facilitate in vitro culture, manipulation, and differentiation, either from
autologous or allogeneic sources. This knowledge will also guide a more effective generation
of iPSCs, which will ultimately lead to individualized regenerative medicine.
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pluripotency.  In  addition,  a  recent  study of  our/my laboratory shows that  Hsp90 main‐
tains stem cell pluripotency by associating with and sustaining the cellular levels of Oct4
and Nanog, implying that the maturation or stability of these core pluripotency factors are
crucially important for stem cell pluripotency [21].

Many of the methodologies to induce or convert somatic cells into PSCs involve using chemical
inhibitors targeting specific pathways. This highlights the importance of understanding the
roles of signaling pathways in stem cell pluripotency and self-renewal.

Furthermore, an in-depth understanding of pluripotency is highly applicable to regenerative
medicine. Knowledge of their culture condition, state of pluripotency, and signal transduction
pathways could greatly facilitate in vitro culture, manipulation, and differentiation, either from
autologous or allogeneic sources. This knowledge will also guide a more effective generation
of iPSCs, which will ultimately lead to individualized regenerative medicine.
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1. Introduction

In general stem cells have to fulfill two characteristics: self-renewal and the ability to differ‐
entiate into different cell/tissue types. Depending on their limitations in differentiation
(pluripotent vs. multipotent) stem cells can be divided in embryonic or adult stem cells,
depending on their limitations in differentiation [1]. This chapter will focus only on embryonic
stem cells (ESCs) and their cognate artificial derivatives known as induced pluripotent stem
cells (iPSCs). Embryonic stem cells, have been the center of much attention because of their
pluripotency or ability to differentiate into any cell type in the body [2,3]. Induced pluripotent
stem cells (iPSCs) are reprogrammed into the pluripotent state by the introduction of exoge‐
nous factors. These factors change the potency state of terminally differentiated somatic cells
to by interacting with cellular chromatin and protein/RNA networks with the somatic cell.
Following reprogramming, the newly formed stem cell resembles the ESC [4]. The recent
development of these artificial or “man-made” cells has delivered two key potential upsides:
(a) the ability to avoid the ethical issues associated with embryo-derived cells, and (b) the
ability to generate autologous (i.e. patient derived) cells for regenerative medicine, tissue
engineering, and disease modeling purposes [4]. Compared to ESCs, which are derived from
the limited resource of assisted fertility by-products, iPSCs can potentially provide an
unlimited source of pluripotent cells.

One of the applications of iPSCs is the ability to model diseases for drug screening, toxicology
testing, and cell therapy among others [4]. For basic biomedical research, cell culture has been
a key element for every approach. However one drawback when studying human cells is that
they have limited life span in culture. Many cell lines have not been faithfully adapted for
growth in vitro. Hence the lack of accessible models of normal and pathologic tissue has left
many important questions in human pathogenesis inaccessible [5]. In contrast due to their self-
renewal and pluripotency patient derived iPSCs can be extremely useful for patient research
and diagnostic purposes. Every iPSC that is compromised in disease can be restructured into
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tissue in culture giving researchers an unlimited source of cells/tissue for the study of the
disease [6, 4].

When applied to cell therapy, autologous iPSCs are differentiated into a chosen cell type and
then transplanted to the damaged tissue with the advantage that immune rejection can be
avoided. Furthermore iPSCs be used as a conduit for somatic gene therapy. For example a
disease-causing mutation can be repaired in patient iPSCs by homologous DNA recombination
prior to transplantation [4]. A study on engineered mice that suffer from human sickle cell
anemia showed that when applying hematopoietic progenitor cells produced from autologous
iPSCs, animals were rescued from systemic hematological symptoms. In this case, for the
production of the hematopoietic progenitor cells, a biopsy of adult fibroblast was taken from
the afflicted mouse and reprogrammed into iPSCs. Derived iPSCs were repaired by homolo‐
gous recombination. These cells were then differentiated to hematopoietic progenitor cells in
vitro and transplanted back into the affected mouse [7].

Despite the success in animals, there are still some drawbacks with using iPSCs for human
benefit. Since the derivation of the iPSCs commonly involves integrating viral vectors for
introducing reprogramming factor, this represents a risk to the human health. Moreover
certain epigenetic abnormalities in the iPSCs including the epigenetic memory of their donor
cells could lead to mutation in prolonged culture [4]. Such epigenetic differences are one reason
why research has begun to focus on the epigenetics of cellular reprograming. Although iPSCs
are the functional equivalent of ESCs, epigenetic differences have been noted, including
differences in gene expression, DNA methylation, histone marks and telomere/telomerase
status [8, 9]. Moreover, researchers have also recognized a role for chromatin remodeling
during reprogramming and have recently applied small molecules to circumvent epigenetic
blocks and enhance reprogramming efficiency [10,11].

Given that there is a huge interest in using iPSCs, mainly in regenerative medicine; researchers
want to understand the exact mechanism of reprogramming, as any error in this process could
cause tumor formation once applied to patients. Understanding the fundamentals of this
reprogramming process by comparing it to the pluripotent state of ESCs will give us many
tools to be able to manipulate the reprogramming process within a controlled environment.

Since iPSC are being compared at all times to ESCs, a basic concept that must be kept in mind
is that ESCs rely on a complex network of interacting pluripotency transcription factors, and
different “epigenetic landscapes” in order to maintain their “open” chromatin to regulate
either self-renewal or differentiation [1]. Moreover, when a somatic cell is subjected to
reprogramming, it suffers large-scale epigenetic alterations, carried on as if they were different
multiple layers of epigenetic events that control the expression and accommodation of
important pluripotency transcription factors [1].

In this chapter, a deeper explanation about iPSCs together with the basic concepts of epige‐
netics and the different levels of regulation will be provided. Insight into some of the recently
discovered epigenetic events of cellular reprogramming will be discussed.

Pluripotent Stem Cells180

2. Induced pluripotent stem cells

It was recently discovered that a terminally differentiated cell could be reprogrammed into an
ESC-like cell using four transcription factors. Having pluripotent characteristics, these iPSCs
are capable of becoming one of more than 200 cell types [12]. In order to be consider ESCs, they
must fulfill certain criteria: (1) to express pluripotency factors such as Oct4, Sox2, Nanog, and
SSEA1, however this criteria only apply for mouse ESCs, since in human ESCs SSEA3 and
SSEA4 are expressed in stead however this criteria only apply for mouse ESCs, since in human
ESCs SSEA3 and SSEA4 are expressed in stead (2) in female cells there must be the reactivation
of the inactive X chromosome, (3) they should be able to differentiate into the three germ layers
(ectoderm, endoderm and mesoderm) and in the case of mouse, be able to generate chimeras
upon blastocyst implantation and pass through germline [13].

Takahashi and Yamanaka (2006) were the first that found a way to circumvent two of the most
important drawbacks when using ESCs related to immune rejection and ethical. In their study
they first hypothesized that the factors that play a role in maintaining ESC pluripotency could
potentially turn somatic cells back into a pluripotent state. Starting with 24 candidate genes
known to be involved in pluripotency and a herculean combinatorial effort they reduced this
original 24 down to four factors: Oct3/4, Klf4, Sox2, and c-Myc able to reprogram mouse
fibroblasts into an ESC-like state. Yamanaka and colleagues also reported the same results one
year later for the human (2007) when using this same combination of factors [14].

After the four factor derivation of the iPSCs, much interest was focused on the process of
somatic cell reprogramming. Although still not well understood, Scheper and Copray (2009)
proposed one approach that divided reprogramming in two broad stages. First Oct4 and Sox2
repressed genes associated with the host cell lineage and reset the epigenome of the cell
towards a permissive chromatin mode putting the cell in an embryonic-like state. The second
stage allowed the reprogramming factors to reactivate the endogenous autoregulatory loop
that triggers the pluripotency transcriptional network [6] (Figure 1).

Figure 1. Two state process for reprogramming somatic cells (Adapted from 6)
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After the first proposed cocktail to reprogram differentiated cells into iPSCs, many research‐
ers started to ask the question of how these factors were interacting in order to modify existing
epigenetic  marks  and  return  to  a  pluripotent  state.  To  date  it  has  been  reported  that
differentiated cells have been successfully reprogrammed by substituting some of the factors
such as Klf4 or c-Myc with other transcription factors such as Nanog or Lin28 or molecules
(valproic acid or Wnt ligand). It tells us that there are different pathways involved in this
process and that epigenetic enzymes are being activated in every case [9] all to one end‐
point of pluripotency.

Waddington referred to epigenetics for the first time as genetic interactions that can affect
the phenotype. Later, he proposed a model based on how cells followed a developmental
differentiation path much like traveling down a series of canals that start from a fertilized
totipotent embryo and ending up as a specific lineage committed cell [15]. In this model, cells
committed to a specific lineage cannot be recommitted to another lineage or canal. Howev‐
er, with the recent milestone of iPSC generation, Yamanaka suggested that cells could be
pushed back up the canal towards the pluripotent state. During reprogramming, cells can
experience  other  events.  They  can  be  stopped  by  some  epigenetic  bump  and  remain
incompletely reprogrammed. In this situation cells return to their specific lineage or transition
to  another  lineage.  Finally,  instead  of  moving  they  can  undergo  apoptosis  or  cellular
senescence. This model proposed by Yamanaka (2009) is known as the stochastic model of
iPSC generation [16] (Figure 2).

Since the development of iPSCs, many researchers have focused their attention on the
epigenetics changes that iPSCs acquire, together with the chromatin dynamics that occurs
during cellular reprogramming. It has been already proposed that one way to ease cell destiny
is by having less lineage epigenetic patterns [17]. The most used protocol for the production
of iPSCs is the one that involves the application of the four transcription factors previously
described by Yamanaka (2006) [15]. Thus initial studies have focused on how these four factors
worked together to initiate the reprogramming cascade. In this regard it has been proposed
that Oct4 and Sox2 are totally indispensable for reprogramming while Klf4 and c-Myc enhance
the efficiency and alter the structure of the chromatin to enable Oct4 and Sox2 to target more
genes that are important for pluripotency [15].

Finally, it is crucial to find the best method of reprogramming in order to approximate ESCs
as much as possible. For this purpose, there are several variables that have to be taken into
consideration in order to have reproducible and efficient reprogramming. First is the selection
of reprogramming factors where the combination (and efficiency) can vary depending on the
cell type. Second is the type of method used for factor delivery, be it viral vectors, RNA, protein,
or small molecules, among others. Third is the selection of cell type, since the efficiency and
kinetics reprogramming changes between cell types. Understanding how reprogramming
factors coordinate the cascade to orchestrate reprogramming means it is important to know
the right timing and stoichiometry for optimal reprogramming. Culture environment likewise
is very important. Finally the selection of a method to identify and characterize iPSCs is very
critical (Figure 3) [18].

Pluripotent Stem Cells182

3. Epigenetics

Epigenetics is defined in general as heritable changes in gene expression that do not affect
DNA-sequence [19, 20]. In the nucleus DNA is wrapped into a protein complex known as
chromatin. This protein complex, known as the nucleosome, is formed by proteins called
histones (H2A, H2B, H3, H4) (Figure 4) [21] into a structure resembling beads on a string.
Histone H1 in turn play a role in assembling higher order chromatin structure by interacting
with the “inter-bead” regions of chromation. Via changes in histone post-translational
modifications (acetylation, methylation, ubiquitination, and phosphorylation), chromatin
becomes very dynamic, controlling the expression or repression of specific genes in specific
cells, as well as during the cell cycle or in response to environmental cues. These changes in
histone via reversible post-translational marks (as well as reversible marks to primary DNA
sequence) are considered to be epigenetic modifications. Additionally, changes in the nucle‐
osome moving through DNA can be facilitated by chromatin remodeling enzymes [22, 21].
Histone modifications associated with active transcription, such as acetylation of histones 3
and 4 or di-/trimethylation of H3K4, are usually referred as euchromatin modifications. On
the other hand there are the heterochromatin modifications which are characteristic to be on
inactive regions such as H3K9me and H3k27me [23].

Figure 2. Stochastic model for iPSC generation. All of the cells initiate reprogramming, but only a few can achieve
complete reprogramming. (Adapted from 16)
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Figure 3. Overview of the iPSC Derivation Process (Adapted from 18)

4. Chromatin phases (epigenetic regulation)

• Chromatin Remodelling

Chromatin remodeling refers to the architectural change of chromatin by the movement of
the nucleosomes along the DNA, giving rise to change the condensation of the chromatin.
Protein complexes use ATP-hydrolysis to alter the histone DNA interaction, suggesting that
there is a transient separation of the DNA from histone complexes, moving nucleosomes to
a  different  position  in  the  DNA or  forming  a  DNA loop.  These  movements  adjust  the
accessibility of  DNA to transcription factors [23].  The many chromatin remodeling com‐
plexes are divided into families depending on their composition and biochemical activity. In
this chapter,  two of the most well  studied ATP chromatin remodeling enzymes are dis‐
cussed: SWI/SNF and CHD1 [24].

The basic assembling of the SWI/SNF chromatin remodeling enzyme in mammals (also known
as BAF) is with the genes that code for the 9-12 subunits of the mammal SWI/SNF (mSWI/SNF)
in combination with one catalytic ATPase subunit called brahma homolog (BRM or SMAR‐
CA2, BRM/SWI2-related gene 1[25]. mSWI/SNF uses the energy from ATPase hydrolysis to
move along in the DNA. One way this works to move along is to bind the DNA into an internal
site of the nucleosome, then pull it in order to weaken the nucleosome (Figure 5) [26].

One of the characteristics of mSWI/SNF chromatin remodelers is the subunit change during
the transition from a pluripotent to a multipotent state and then from a multipotent state to
differentiation. Ho and colleagues (2009) [27] did a whole genome study to observe the binding

Pluripotent Stem Cells184

of mSWI/SNF in mouse ESCs and observed that the majority of the binding does not occur in
transcriptional start sites, but at distal enhancers and silencer sites. In another study of Ho and
collaborators, they showed that mSWI/SNF complex binds to promoters/enhancers of pluri‐
potency transcription factors such as Oct4 and Sox2, in accordance with studies that have
shown enhanced reprogramming when they add mSWI/SNF together with reprogramming
factors [28].

Figure 4. Nucleosome with histone posttranslational modifications (Adapted from 1)

The chromodomain helicase DNA binding protein 1 (CHD1) is well known for its remodeling
activity in the maintenance of stemness. It also has main function in recognizing a substrate of
transcription regulatory histone acetylation complex SAGA. CHD1 has been suggested to act
as a molecular adaptor, which bring several epigenetic complexes together [29]. In ESCs, this
adaptor has been suggested to be indispensable for the maintenance of pluripotent chromatin
state where it is highly expressed when compared to differentiated cells. After knockdown of
the CHD1 with RNAi, the pattern of diffuse ESCs heterochromatin disappears showing a
higher amount of heterochromatin. In turn, CHD1 knockdown fibroblasts reprogrammed less
efficiently [30]. The nature of CHD1 in pluripotent cells specifies that it can prevent the
formation of heterochromatin foci [30]. CHD1 has also been reported to be one of the genes
that activate Oct4, Sox2 and Nanog [31].

• Histone Modification

Histones are highly positively charged proteins that bind to DNA and have a major role in
DNA packaging and gene expression. As mentioned earlier, they are subjected to a variety of
post-translational modifications that alter the interaction of the histone protein with the bound
DNA. These modifications include acetylation and methylation of the N-terminus tails as well
as phosphorylation, poly ADP-ribosylation, ubiquitination and sumoylation. Differential
modification of the core histones yields different chromatin structure. These patterns of
modification form a kind of “histone code” that will ultimately govern gene expression [1].
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Histone acetylation is the addition of acetyl moieties onto each of the histones of the nucleo‐
some and is regulated by the activity of histone acetyltransferases (HAT) and histone deace‐
tylases (HDAC). HATs and HDACs operate as coactivators and corepressors and together they
dynamically change the activation and repression of genes in both a site specific as well as
global manner. There are four families of HATs; Gcn5-related N-acetyltransferase (GNAT),
MYST and p300/CBP. These HATs share highly similar motifs including an acetyl-CoA binding
domain with the Arg/Gln-X-XGly-X-Gly/Ala sequence [32]. HAT activity and specificity are
highly dependent on the complexes they form with other HATs and transcriptional co-
activators. Lysine, found at the amino terminus of the histone, is the primary targeted site of
acetylation. At physiological pH, lysine is positively charged and contributes to the overall
positive charge of the histone. However, the amount of lysine acetylation is directly correlated
with the accessibility of the amino terminus or “histone tail” [32]. More accessibility means
greater degree of acetylation. Upon acetylation, the residue is neutralized, reducing the
positive charge of the histone, decreasing the interaction with the negatively charged DNA
and directly influencing chromatin structure. HDACs are broken down into two families;
classical HDACs and NAD+ HDACs. Like their HAT counterparts, HDACs share a conserved
active site [33] and also require the need to complex with co-repressors in order to function
properly. Once bound, active HDACs serve to remove the acetyl moiety from the histone tail
through a charge-relay system of residues found within the active site [33, 34]. Once removed,
the histones bind tighter to the DNA as well as enabling tighter packing of adjacent histones
leading to more transcriptional repression (Figure 6) [35].

Histone methylation is the addition of methyl groups onto lysine and arginine residues of
histones in both transcriptionally active as well as silenced regions of the chromatin. The
patterns of modification of lysine residues within histones are more defined as compared to
arginine. Methylation is catalyzed by Histone methyltransferases (HMTs) and demethylation
by histone demethylases (HDMs). Lysine residues can be methylated up to three times whereas
arginine can only be methylated twice. Moreover, the symmetry of the methyl groups on each
of the residues also plays an important role in the function of chromatin. HMT all share a
common SET domain within their catalytic core [37]. Lysine HMTs are very well defined as

Figure 5. Chromatin Remodeling Enzyme SWI/SNFN (Adapted from 1)
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compared to arginine HMT. Arginine N-methyltransferases (PRMT) are less defined in terms
of the targeted sites of methylation, with multiple target residues in histone H3 and H4 [37].

The process of methylation does not alter the charge properties of the targeted residue, unlike
those of acetylation. Instead, the addition of methyl groups serves as a recognition site for
regulatory proteins to bind and elicit additional modification. This allows for a great deal of
complexity depending on the target region of the MMT and the resultant recognition effector
protein. In essence, it allows additional information to be encoded in the histones beyond just
stearic and charge hindrance of acetylation and phosphorylation [38]. Thus, this places a great
deal of importance on the proteins that interact with the methylated residue. There are a variety
of motifs that are able to recognize both single and double methylated lysine residues and even
one methylated lysine and methylated arginine. The basic conformation that recognizes single
methylated lysine residues is a cage with polar and non-polar regions that envelops the
methylated lysine residues [39]. A few of the common motifs include ankyrin repeats,
chromodomain, MBT repeats, PHD finger, and double tudor [40]. An example of a motif that
is able to recognize methylated lysine and arginine residues is RAG2-PHD. These varieties of
recognition motifs underline the great deal of complexity behind methylated residues and
even hints at potential cross talk between methylated lysine and arginine residues. There have
been studies showing that the methylation of one residue, H3R2, precluded the recognition of
a neighbouring methylated residue, H3K4me3 (Figure 7) [37].

Methylation of lysine and arginine residues has recently been discovered to also undergo
demethylation via histone demehtylases (HDM). These enzymes are divided into two classes:
amine oxidases, which are able to demethylate the first and second methyl lysine groups, and
JmjC domain-containing proteins, which are able to demthylate all three methyl lysine groups.
As well, it was also found recently that a JmjC domain-containing protein, JMJD6, was able to
reverse arginine methylation [41]. HDM became a very key regulator of pluripotency after it
was found that KDM3A and KMD4C are direct transcriptional targets of the pluripotency
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promoting transcription factor Oct4 [42]. When these two enzymes were knocked down, the
resulting cells lost the ability to self-renew as well as showed an altered morphology. More‐
over, another high-ranking HDM JARID2 is highly expressed in ESCs but becomes rapidly
downregulated upon differentiation [43]. The level of regulatory complexity of the genes, not
only in ESCs or iPSCs, but also somatic cells, Hence, further examination is needed to elucidate
how these enzymes contribute to the epigenetic regulation of genes.

• DNA methylation

DNA Methylation is the classical example of epigenetic regulation of gene expression. This
process, catalyzed by DNA methyl transferase (DNMT) enzymes, involves the addition of a
methyl group onto the carbon 5 position of cytosine residues within DNA, forming 5-meth‐
ylcytosine. There are three main members of the DNMT family: Dmnt1, Dmnt3a and Dmnt3b.
Dmnt1 is the best studied of the three and its primary role is to copy DNA methylation patterns
during DNA synthesis as well as repair of DNA methylation patterns [44]. Dmnt3a and
Dmnt3b are similar enzymes both in structure as well as function. These two DMNTs are
capable of methylating native DNA, regardless of whether the DNA is in a replicative state or
not [45]. Since they are able to write DNA methylation patterns onto “naked” DNA, they are
termed de novo DMNTs.

Patterns of DNA methylation can be “read” through the recruitment of three different protein
families: MBD, zinc-finger, and UHRF proteins. The most well-known are the MBD proteins,
which interact with the DNA via a methyl-CpG-binding domain. Once the MBD proteins bind
to the 5’site of the methylated cytosine, they repress transcription. Zinc finger proteins, like
MBD proteins, also recognize and bind to methylcytosine, however they have a preference for
consecutively methylated cytosine residues as well as non-methylated residues. Interestingly
they are still able to repress transcription of DNA in a similar manner. Ubiquitin like containing
PHD and RING finger Domain (UHRF) proteins use their intrinsic RING and SET DNA
binding domains to interact with the methylated cytosine. However, the purpose of UHRF is
not to repress transcription, but actually to aid DMNT, especially during DNA replication, in
order to conserve and maintain the DNA methylation [46].

Figure 7. Methyl-lysine binding effector proteins (Adapted from 37)
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DNA methylation can be achieved via two mechanisms, either actively or passively (Figure
8). Passive demethylation involves the inhibition of the DMNT protein during DNA replication
and allows for newly synthesized cytosine to escape methyl imprinting from its parent DNA
strand. This process usually occurs during cellular replication. Active demethylation can occur
in both dividing and non-dividing cells [47]. Currently, there is no known enzyme that is able
to remove the strong covalent bond of the methyl group from the cytosine residue. Instead,
the methylated cytosine is thought to undergo a series of further modifications (AID/APOBEC)
that ultimately change the 5mC into a thymine [48]. This elicits a base mismatch and activates
the base excision repair pathway to replace the residue with a naked cytosine. Another

Figure 8. Active and passive DNA methylation mechanism (Adapted from 1)
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proposed demethylation pathway involves the use of the ten-eleven translocation (Tet)
enzymes. This family of proteins are able to add a hydroxyl group onto the methyl moiety of
5mC to form 5hmC. Once in this state, 5hmC can return to an unmodified cytosine residue
through either further oxidation by Tet enzymes or deamination by AID/APOBEC. Unlike the
deacetylation and demethylation of histones, DNA demethylation is much more complex and
involves a number of enzymatic processes which has contributed to the great deal of debate
about which pathway is more dominant [50].

5. Epigenetic reprogramming

In order to understand the interactions and mechanisms involved in reprogramming a
differentiated cell into an iPSC, a great effort has been made to study the ESC pluripotent state,
in particular the means by which pluripotency transcription factors interact with each other
or with other proteins such as chromatin remodeling enzymes and histone modifying
enzymes. Moreover researchers have focused on finding the networks in iPSCs once the
endogenous pluripotency factors have been activated by the exogenous Yamanaka factors [13].
Understanding the interactions between the core pluripotency transcription factors and the
previously mentioned epigenetic enzymes will provide some advantages to the iPSC field.
One such advantage is the possible discovery of new cocktails that enhance reprogramming.
In addition, it could explain the chronology of the epigenetic events for reprogramming on a
molecular level. This section will cover some of the known molecular interactions among the
pluripotent transcription factors and some of the epigenetic enzymes.

5.1. Pluripotency gene networks

The first event toward transition from a differentiated to an iPSC state is the establishment of
a proper chromatin state. Once the cells have found the correct chromatin state, the second
event is to maintain and inherit it as they divide and proliferate [14]. The natural state of an
ESC chromatin is known as “open”, where the heterochromatin is disperse and dynamic,
which at the same time reflects a hyperactive transcriptional status [49]. The molecular
structure for ESC to maintain pluripotency requires an interconnection of transcription factors
with epigenetic proteins that are also interacting with the DNA. Due to fact that iPSCs are like
ESC, they have to sustain the same molecular structure. In addition, they have to overcome an
epigenetic barrier during the reprogramming process. The reprogramming process involves
a chain reaction involving transcription factors, chromatin modifying enzymes and other
histone related enzymes.

An approach of how reprogramming occurs, suggests that the first step maybe interaction of
transcription factors with the naked DNA, via histone modifiers or together with chromatin
remodeling factors [14]. There are not time points or an order to follow for each specific
transcription factor. Certain transcription factors are able to interact with DNA or with a
chromatin remodeling enzyme depending what gene is activating. This molecular mechanism
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is determined by the locus, the type of transcription factor and on the context [14]. Hence the
function of the four Yamanaka factors, Oct4, Sox2, Klf4 and c-Myc, [13] is crucial.

It has been reported that Oct4 is indispensable in the reprogramming process. In some cases,
such as what has been observed in neural stem cell reprogramming, the presence of Oct4 is
sufficient for reprogramming in [51]. Moreover, as Oct4 can work alone, it also has a great
effect in reprogramming when combined with Sox2. Oct4 and Sox2 form a heterodimer that
interact with some promoters. In addition this heterodimer has been shown to interact with
Nanog. Nanog is another transcription factor that participates in the ESCs regulatory circuitry
together with Oct4 and Sox2 to maintain pluripotency [52]. In this context they activate
transcription in a chromatin independent manner by interacting with transcriptional co-
activators [53, 54]. Moreover, it has been shown in mouse ESCs that Oct4 and Nanog can
repress gene expression through interaction with histone deacetylase such as Mta1 [55]. It has
been elucidated that in the first stage of reprogramming, a cascade of differentiation genes are
turned off, while pluripotency genes progressively become upregulated in order to push the
differentiated cell toward an ESC-like state.

c-Myc is an important participant in recruiting multiple chromatin modifications, such as
histone acetyltransferases (GCN5, p300) and histones deacetylases (HDACs). In this regard, c-
Myc increases the methylation site H3K4me3 and the global acetylation [56]. In the reprog‐
ramming process c-Myc activates its target before other core pluripotency transcription factors
are activated, facilitating the opening of the chromatin for other factors [57, 58]. An example
of c-Myc’s potential in opening chromatin is its association with Tip60-p400 complex, which
acetylate and remodel nucleosomes respectively. p400 is a member of the Swi2/Snt2 family
which is well known among the ATPase chromatin remodelling enzymes, exchanging histones
H2AZ-H2B within nucleosomes [57]. It also functions to release paused RNA polymerase from
about one-third of the genes that are being actively transcribed. This activity could enhance
cellular reprogramming [59]. At the same time, the transcription factor Klf4, activates the
transcription of Sox2 which participates in the pluripotency cascade [60].

5.2. Chromatin remodelling

Based on the Yamanaka’s stochastic model (Figure 2), cells need to overcome the epigenetic
barrier in order to become pluripotent [16, 17]. Nowadays, one of the major focuses in the iPSC
field is to understand the epigenetic molecules that orchestrate chromatin remodelling in order
to organize it into a pluripotent state similar to ESCs. While some somatic cell reprogramming
mechanisms are being unveiled, many are still yet unknown [9].

• DNA methylation

Once  the  differentiated  cells  have  been  reprogrammed,  the  epigenetic  marks  in  iPSCs
resemble ESCs [61]. For a great amount of eukaryotic DNA methylation is a mark that serves
to define different cellular functions such as X chromosome inactivation, aging, imprinting,
genome stability, tissue specific gene regulation, and so on [63, 64]. DNA methylation is one
of the epigenetic marks that is modified during reprogramming (Figure 9). In this case, the
process of demethylation is most common taking the methyl group from the promoters of
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some genes that are responsible for pluripotency which in turn allows them to return to a
pluripotent state.

Currently there is not too much evidence about the process of demethylation and the enzymes
that catalyze this event. However, DNA demethylation events have been classified as passive
or active. Passive DNA demethylation occurs during the process of DNA replication when
maintenance methytransferases are inactive, and thus they are not able to methylate newly
released strands [62]. On the other hand for active DNA demethylation, the main protagonists
are enzymes that work regardless of DNA replication [62].

Figure 9. DNA demethylation as a reprogramming process when going to iPSC (Adapted from 13)

An example of an active DNA demethylation event is shown by Pereira and colleagues (2008),
where they have studied the efficiency of reprogramming of human lymphocytes by fusing
them with mouse ESCs. They found that one of the first events occurring was the demethyla‐
tion of the Oct4 gene. They suggest that this event is a result of an active chromatin remodeling
locus before its actual expression [65].

Two mechanisms have been proposed as candidates for the active DNA demethylation
mechanism. The first one involves the deamination of 5-methylcytosine in DNA by an enzyme
called activation-induce deaminase (AID) [62]. The other mechanism is based on the oxidiza‐
tion of the 5-methyl group (-CH3) followed by conversion into 5-carboxylcytosine (-COOH).
This conversion is catalyzed by the enzyme TET1 in a Fe(II) and α-ketoglutarate dependent
reaction [66]. To date neither of these mechanisms has been proven in vitro. Hence there are
still a number of unknown molecular mechanisms that govern the reprogramming process. Is
there an active DNA demethylation? How are the DNS demethylating enzymes activated? Are
they recruited by other processes of chromatin remodeling or do transcription factors initialize
the process?

• Histone modifications

The most common marks in ESC and iPSCs are the active mark of H3k4me3 (histone 3,
trimethylated at lysine 4) and the repressive mark H3k27me3 (histone 3, trimethylated at lysine
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27). These marks in the histones occur by S-adenosylmethionine (SAM-dependent) protein
methylation. Due to this bivalent mark in the histones, these cells have the capacity to activate
or repress genes them in order to change their fate [67].

Since the histone-lysine N-methyltransferase (MLL) catalytic subunits are well known to
introduce the H3k4me3 mark and activate transcription, this makes them potential regulators
in reprogramming. An example of their activity is shown with Wdr5, a subunit in common
with H3k4 methyltransferases. Wdr5 has been proposed to play an important role in main‐
taining pluripotency and has been proposed as one possible mechanism occurring during
reprograming. Wdr5 is activated by exogenous Oct4 when mouse embryonic fibroblast are
transfected with the four Yamanaka factors. Wdr5 directly binds to loci where self-renewal
genes are encoded such as Oct4 and Nanog, in order to re-establish an H3k4 mark. Wdr5 is
thus defined as an indispensable subunit which proportions H3k4 methylation [68]. Similarly,
MLL interacts with some other chromatin remodeling enzymes, such as CHD1 and NURF, in
order to achieve H3k4 methylation [29, 69].

It has been already mentioned that ESCs and iPSCs are known to have bivalent chromatin
bearing both the active mark H3k4me3, and the repressive mark H3k27me3. One of the
mechanism that controls the bivalency is through the activity of the polycomb proteins found
in two major complexes PRC1 and PRC2 [70]. It is thought that PRC1 and PRC2 act as
antagonists and are intrinsically involved in establishing the fate of ESC development. PRC2
is in charge of the H3k27me3 mark [71] and known to silence the HOX genes used and other
regulators during ESC differentiation [72]. One of the basic mechanisms in ESC/iPSC differ‐
entiation is the demethylation of this H3k27me3 mark.

Utx demethylase has been reported to be a significant regulator of cellular reprogramming
[73]. Utx is encoded by an X-chromosome gene and belongs to the small family of Jmjc proteins,
mediating the demethylation of H3k27 tri- and di-methyl repressive chromatin marks. In this
study, it was found that Utx was dispensable for the maintenance of pluripotency, since
pluripotency marker expression was maintained in knockout ESC lines. However fibroblasts
derived from Utx knockout mice failed to be reprogrammed. This result indicated that the
absence of Utx prevented the demethylation of H3k27me3 marks needed to re-establish
pluripotency in vitro [73].

H3K9me3 and H3k79me2 have also been reported to be important for the maintenance of
pluripotency in ESCs. These marks are usually left by repressive methyltransferases via the
identification of specific motifs in heterochromatin. Reprogramming has been facilitated by
the inhibiting two methyltransferases (GLP and G9a) that methylate H3k9 [74].

Histone acetylation is another important histone mark that has usually been correlated with
gene activation (Figure 10). This mark has been reported to transform chromatin during
reprogramming. Little is known about histone acetyltransferases for pluripotency mainte‐
nance or reprogramming, however Tip60/p400 has been reported as a histone acetyltransferase
important for maintaining the ESC state. Here Tip60/p400 also works as a chromatin remod‐
eling enzyme, since it has a SWI2/SNF2 subunit [75].
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locus before its actual expression [65].
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called activation-induce deaminase (AID) [62]. The other mechanism is based on the oxidiza‐
tion of the 5-methyl group (-CH3) followed by conversion into 5-carboxylcytosine (-COOH).
This conversion is catalyzed by the enzyme TET1 in a Fe(II) and α-ketoglutarate dependent
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there an active DNA demethylation? How are the DNS demethylating enzymes activated? Are
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• Histone modifications

The most common marks in ESC and iPSCs are the active mark of H3k4me3 (histone 3,
trimethylated at lysine 4) and the repressive mark H3k27me3 (histone 3, trimethylated at lysine
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27). These marks in the histones occur by S-adenosylmethionine (SAM-dependent) protein
methylation. Due to this bivalent mark in the histones, these cells have the capacity to activate
or repress genes them in order to change their fate [67].
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in reprogramming. An example of their activity is shown with Wdr5, a subunit in common
with H3k4 methyltransferases. Wdr5 has been proposed to play an important role in main‐
taining pluripotency and has been proposed as one possible mechanism occurring during
reprograming. Wdr5 is activated by exogenous Oct4 when mouse embryonic fibroblast are
transfected with the four Yamanaka factors. Wdr5 directly binds to loci where self-renewal
genes are encoded such as Oct4 and Nanog, in order to re-establish an H3k4 mark. Wdr5 is
thus defined as an indispensable subunit which proportions H3k4 methylation [68]. Similarly,
MLL interacts with some other chromatin remodeling enzymes, such as CHD1 and NURF, in
order to achieve H3k4 methylation [29, 69].

It has been already mentioned that ESCs and iPSCs are known to have bivalent chromatin
bearing both the active mark H3k4me3, and the repressive mark H3k27me3. One of the
mechanism that controls the bivalency is through the activity of the polycomb proteins found
in two major complexes PRC1 and PRC2 [70]. It is thought that PRC1 and PRC2 act as
antagonists and are intrinsically involved in establishing the fate of ESC development. PRC2
is in charge of the H3k27me3 mark [71] and known to silence the HOX genes used and other
regulators during ESC differentiation [72]. One of the basic mechanisms in ESC/iPSC differ‐
entiation is the demethylation of this H3k27me3 mark.

Utx demethylase has been reported to be a significant regulator of cellular reprogramming
[73]. Utx is encoded by an X-chromosome gene and belongs to the small family of Jmjc proteins,
mediating the demethylation of H3k27 tri- and di-methyl repressive chromatin marks. In this
study, it was found that Utx was dispensable for the maintenance of pluripotency, since
pluripotency marker expression was maintained in knockout ESC lines. However fibroblasts
derived from Utx knockout mice failed to be reprogrammed. This result indicated that the
absence of Utx prevented the demethylation of H3k27me3 marks needed to re-establish
pluripotency in vitro [73].

H3K9me3 and H3k79me2 have also been reported to be important for the maintenance of
pluripotency in ESCs. These marks are usually left by repressive methyltransferases via the
identification of specific motifs in heterochromatin. Reprogramming has been facilitated by
the inhibiting two methyltransferases (GLP and G9a) that methylate H3k9 [74].

Histone acetylation is another important histone mark that has usually been correlated with
gene activation (Figure 10). This mark has been reported to transform chromatin during
reprogramming. Little is known about histone acetyltransferases for pluripotency mainte‐
nance or reprogramming, however Tip60/p400 has been reported as a histone acetyltransferase
important for maintaining the ESC state. Here Tip60/p400 also works as a chromatin remod‐
eling enzyme, since it has a SWI2/SNF2 subunit [75].
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Figure 10. Histone acetylation as an activating mark for reprogramming. (Adapted from 13)

On the other hand the histone deacetylases (HDACs) are known to repress the expression of
genes, therefore there is an increased interest on their inhibition. An example of their impor‐
tance in reprogramming of somatic cells was shown by Hadas Hezroni and collaborators (2011)
[76]. In this study they used hybrid cell lines by fusing mouse embryonic fibroblast with ESCs
and found that low H3k9 acetylation correlated with low reprogramming capacity. When they
tried to overcome this effect using histone deacetylase inhibitors, they found an increase in the
reprogramming efficiency. They reported that genes involved in extracellular matrix (ECM)
activity were enriched during reprograming and concluded that H3K9ac is a mark intrinsically
related to pluripotency and that promoting its increase using HDACs inhibitors promote ECM
activity, which co-relates positively affect pluripotency and self-renewal [76].

Most epigenetic reprogramming studies have focused on isolated chromatin marks, revealing
the down regulation of somatic genes. However there are more than some marks that lead to
an “open” dynamic chromatin. Anna Mattout and colleagues [77] presented a study where for
the first time they showed chromatin dimensions as global changes occurring during reprog‐
ramming. They analyzed a battery of histone modifications (H3ac, H4ac, H4k5ac, H3k27ac,
H3k4me3, H3k36me2, H3k9me3, and H3k27me3 also γH2AX, HP1α and lamin A, by immu‐
nofluorescence and biochemical fractionations comparing mouse ESCs to fully- and partially-
reprogrammed mouse iPSCs. They first identified that H3k36me2, H4k5ac and H3k4me3 have
the highest correlation with pluripotency. Later, they showed that most of the euchromatin/
active marks (H3ac, H3k9ac, H3k27 ac, H4ac, H4k5ac, H3k4me3 and H3k36me2) are higher in
the ESCs and fully reprogrammed iPSCs, whereas in partially reprogrammed cells these marks
more closely resembled that of mouse embryonic fibroblasts. On the other hand they observed
that the marks in heterochromatin, such as HP1α and H3k9me3 rearrange during reprogram‐
ming towards a more diffused pattern. This was seen in all of the cells lines including partially
reprogrammed iPSCs. With these two phenomena they presented a time line suggesting that
marks in heterochromatin start changing at a very early stage (by day 6 during reprogram‐
ming) compared to the histone changes occurring in the active euchromatin. They concluded
that during reprogramming global histone heterochromatin defining marks start changing and
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spreading at an early stage of reprogramming as a form of physical rearrangement prior to the
euchromatin epigenetic alterations which occur after day 7 (Figure 11) [77].

Figure 11. Global epigenetic changes in iPSCs (Adapted from 80).

• Chromatin remodeling

As previously mentioned, chromatin remodeling is caused by catalytic modification where
ATPases use the energy from the ATP to move along in DNA. Thus they regulate gene
expression by spacing nucleosome arrays, exchanging histone variants, disassembling or
sliding the nucleosome [14]. One example of the importance of the chromatin remodeling
enzymes is observed in a study of Brg, part of a family of DNA ATPases homologous to the
catalytic subunit of yeast SWI2/SNT2 ATPase [78]. Brg is assembled to 11 other Brg/Brahma
associated factors (BAFs). In ESCs, BAF complexes have an exclusive subunit which is called
esBAF. The authors observed that esBAF facilitates STAT3 to access binding sites that will
respond to LIF, which will further activate the pluripotency transcription factor Klf4 [78].
Therefore, it is thought that the LIF signaling pathway is dependent on prior chromatin
remodeling [78]. A previous study showed that overexpressing of esBAF in addition to the
four Yamanaka was able to acquire a euchromatic chromatin by increasing the kinetics of Oct4,
Nanog and Rex1 promoter demethylation. This facilitated the accessibility of the reprogram‐
ming factors and hence the process was enhanced [28].

Moreover, Onder and colleagues (2012) [79] focused on the study of chromatin-modifying
enzymes during the reprogramming process in iPSCs. They used a loss of function approach
with shRNA where they selected 22 genes involved in DNA and histone methylation path‐
ways. From their results, they found that inhibition of the histone methyltransferase DOT1L,
reprogramming was enhanced resulting in more iPSCs colonies. DOT1L inhibition does not
enhance the upregulation of the pluripotency gene network but can be used to substitute for
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Klf4 and c-Myc during reprogramming. Inhibition of this molecule is associated with an
increase of Nanog and Lin28, factors, which are necessary for reprogramming. Finally using
ChIP-seq they found that the H3K79me2 mark was lost in genes that participate in epithelial
mesenchymal transition. Among some of the mesenchymal regulators were SNAI1, SNAI2,
ZEB1, ZEB2 and TGFB2, that at the same time where strongly repressed during reprogram‐
ming. Together with this, they also reported that epithelial genes such as CDH1 (E-cadherin)
and OCLN were upregulated. The above was a clear example of how chromatin modifying
enzymes are critical in the molecular process of reprogramming enhancing the cascade that
begins with the four Yamanaka factors [79].

The above are just some of the studies of many that have been reported. They lead us to
question whether remodeling enzymes are in charge of the major chromatin opening that
occurs during reprogramming, or if histone marks lead the process.

5.3. MicroRNAs in reprogramming

MicroRNAs (miRs) are small RNAs involved in the inhibition of the gene expression by
destabilizing target RNAs. They are usually formed by the proteins Dicer and Drosha with its
cofactor Dgcr8. The importance of miRs arises from the observation that some miRs induce
reprogramming of somatic cells into iPSCs [80]. Among some of the miRs found to positively
regulate ESC pluripotency are: ESC cell-cycle regulating miR291a-3p, miR291b-3p, miR294,
miR295 and miR302. Interestingly, miR302 has been reported regulate some of the epigenetic
modifications that occur during reprogramming. miR302 is a family of four highly homologous
microRNAs that are transcribed together and form a noncoding RNA cluster [81]. They are
highly expressed in human ESCs and absent in differentiated cells. Lin and collaborators (2011)
have focus in how the miR302 controls several enzymes that are involved in active demethy‐
lation [81]. MiR302 targets and represses AOF2/1 histone demethylases and MECP1/2 (methyl
CpG binding proteins). At the same time it blocks cytosine methyltransferase 1 (DNMT1).
During reprograming miR302 coordinates DNA demethylation, together with a histone
methylation on the active mark H3k4 that will alter the chromatin structure and the gene
activity. The example above highlights the critical role of miRs in founding and sustaining
pluripotency in cells [82].

6. Conclusion

The biology of pluripotent stem cells is still in a very early stage; even understanding what is
the best way to obtain a true embryonic stem cell remains unclear. During reprogramming a
number of changes occur in the cell. These changes start usually by the stimulation of exoge‐
nous transcription factors that consequentially trigger a large number of other reactions:
signalling, gene transcription, and most importantly epigenetic changes, including chromatin
remodeling, histone modification, and DNA methylation [1, 12, 13].

During reprogramming, chromatin changes to an “open” dynamic configuration resembling
the epigenetic landscape as in ESCs. In order to reach this configuration, the somatic cell has
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to interconnect transcription factors, chromatin, and histone modifier enzymes. What is the
kinetics of this process? This is one of the first questions that puzzle most researchers. While
there is firm understanding that the exogenous transcription factors are first to prompt these
changes, reprogramming is not an efficient process. From the extensive interest in making
reprogramming an efficient process, there have been a lot of remarkable results using different
type of molecules that target chromatin enzymes. Thus understanding of the reprogramming
process, including the timing of chromatin remodeling, interactions with transcription factors,
increase or decrease of histone acetylation and most important, the precise interconnection of
factors that break the epigenetic barrier, will give us a base line to design a better protocol for
the develop of iPSCs.

There will come a point where researchers will manipulate chromatin kinetics in order to
promote the reprogramming of somatic cells into iPSCs. This achievement will bring a cell that
reprograms efficiently; in a short period of time, which will have an epigenetic signature
identical to ESCs. In the future, with a better understanding of chromatin not only in reprog‐
ramming but also in differentiation, the iPSC field could become an area of synthetic biology.
In any case, the iPSC field still has a long way to go before it is fruitful. A clearer understanding
of the epigenetics of the reprogramming must come forward before iPSCs can be fully accepted
for regenerative medicine.
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1. Introduction

This chapter will be focused on epigenetic mechanisms known to affect self-renewal and
developmental potency of embryonic-like stem cells, and germ cells which mimic similar
epigenetic signatures as pluripotent stem cells. Examples of epigenetic regulation have proven
crucial for defining the stem cell state. In particular, a wealth of knowledge regarding stem
cell-specific epigenetic modifications has occurred over the past decade with discoveries that
include describing unique stem cell-specific chromosome structure, DNA and histone
modifications and noncoding RNAs. The impact of these findings and the better understand‐
ing of epigenetic regulation in pluripotent stem cells provides a foundation for discovering
mechanisms which regulate human development and differentiation in addition to those that
can facilitate cellular reprogramming.

In eukaryotes, chromosomes consist of repeating chromatin units called nucleosomes, which
encompass segments of DNA (~147 bp) wound around a central core of eight histone (H)
proteins (two each of core histone proteins H2A, H2B, H3, and H4). These units are separated
by a linker DNA associated with histone protein, H1. Post-translational modifications of these
histone residues regulate gene expression [1, 2]. The types of modification of specific amino
acids within these proteins include acetylation (Ac), mono- di- or tri-methylation (Me1, 2, 3),
and ubiquitylation (Ub). Although these mechanism in general appear to work independently,
recent evidence has demonstrated that crosstalk does exist between some of these modifica‐
tions [1, 3]. Chromatin can be distinguished based on its anatomical structure as either
heterochromatin or euchromatin. Heterochromatin is characterized by tightly packed nucle‐
osomes that occur at centromeres, telomeres, and areas of repetitive DNA and is associated
with low gene transcription while euchromatin constitute less compacted areas of chromatin
and associated with active gene expression. In general, these areas of chromatin are non-
randomly distributed within the nucleus and cell-type and cell-cycle dependent [4, 5].
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proteins (two each of core histone proteins H2A, H2B, H3, and H4). These units are separated
by a linker DNA associated with histone protein, H1. Post-translational modifications of these
histone residues regulate gene expression [1, 2]. The types of modification of specific amino
acids within these proteins include acetylation (Ac), mono- di- or tri-methylation (Me1, 2, 3),
and ubiquitylation (Ub). Although these mechanism in general appear to work independently,
recent evidence has demonstrated that crosstalk does exist between some of these modifica‐
tions [1, 3]. Chromatin can be distinguished based on its anatomical structure as either
heterochromatin or euchromatin. Heterochromatin is characterized by tightly packed nucle‐
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In mammals, heterochromatin is associated with high levels of some methylation marks,
including lysine (K)-9, K-27 and K-20 on histone (H) -3 (H3K9me3, H3K27me3, H3K20me3),
low levels of acetylation, and its associated proteins including heterochromatin protein 1
(HP1) [6]. In contrast, euchromatin is associated with high levels of acetylation and methylation
marks, such as K-4, K-36, and K79 on Histone 3 (H3K4, H3K36 and H3K7)(reviewed by [1]).
These modifications occur through the activity of the following enzymes, histone acetyl
transferases (HATs), histone deacetylases (HDACs), histone methyltransferases (HMT) and
histone demethylases (HDMT). Further chromatin regulation is also possible through
modifications of the histone tails which are suspected to produce a ‘histone code’ that initiate
higher order chromatin folding [7].

2. Epigenetic control in pluripotent stem cells

2.1. Changes in chromatin ultrastructure in pluripotent stem cells

With the discovery of culturing embryonic stem cells (ESCs), several groups have been able to
show the progression of global changes in the chromatin architecture of these cells. Through
these studies, it has been shown that undifferentiated pluripotent stem cells contain less
heterochromatic regions and express less chromatin structural proteins. Moreover, binding of
these proteins (i.e. HP1α, lamin B) to heterochromatic regions is weaker compared to lineage-
committed cells [8]. Additionally, pluripotent transcription factors and chromatin remodeling
proteins are overexpressed in ESCs compared to more differentiated progenitor cells [9]. One
study further showed that chromatin remodeler Chd1 knockdown results with heterochro‐
matin accumulation and skewed differentiation in mouse ESCs, which suggests functional
relevancy to the ‘open’ chromatin structure [10]. Together, these studies show that pluripotent
ESCs has an open and hyperdynamic chromatin structure which transforms into a more
compact, repressive-like, chromatin state during differentiation.

As ESC chromatin is more transcriptionally permissive, it is also more sensitive to nuclease
activity. This may also be in part due to differences that are seen in the chromatin localization
in the nucleus. For instance, one study using the DamID (DNA adenine methyltransferase
identification) technique showed that pluripotency genes, including Oct4 and Nanog, move
to the nuclear lamina and are silenced while lineage-specific genes disassociate from the lamina
and are expressed. This was specifically shown during the differentiation of mouse ESCs into
terminal astrocytes which demonstrated cell type-specific relocations of these areas during
differentiation [11]. These areas near the nuclear periphery were called Lamina Associated
Domains (LADS). Further study showed that these areas were enriched with repressive
histone modifications, H3K9me2 and H3K27me3 which had tissue-specific distributions.
Additionally, they consisted of few, minimally expressed genes, which were also marked by
these repressive histone modifications [11-13].

Genome-wide ChIP analyses have also described other lamina associated domains with
significant overlap with the LADS domains. These regions referred as Large Organized
Chromatin domains of H3K9me2 or LOCKS, which are also hallmarked with increased
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H3K9me2 marks, gene-poor and increased in size and abundance from ESCs to differentiated
cells (from 4% genome coverage in mouse ESCs to at most 46%, in liver cells) [14]. Wen, Wu
et al. described these LOCKs as large regions with K9 modifications up to 4.9 Mb that are
conserved between human and mouse. Like LADS, LOCKS also show tissue-specific distri‐
butions and inversely correlate with gene expression. Specific knockouts of the H3K9 meth‐
yltransferase, G9a, abolished LOCK formation in mouse ESCs and caused gene derepression
without any peripheral localization alteration [14, 15]. Although LADS and LOCKS are similar
in their effects on gene expression and localization, the relationship between them and their
function at the nuclear periphery is presently unclear.

2.2. Bivalency

Since the discovery of generating induced pluripotent stem (iPS) cells, the ability to reprogram
a differentiated cell back towards a more embryonic-like state, it has been shown by a variety
of laboratories that there is an extensive amount of epigenetic variability between different iPS
lines and even among different clones. As a result, much research has been involved in
understanding the global demethylation and methylation patterns in ESC to identify particular
epigenetic marks and their effected genes to study their role in pluripotency and reprogram‐
ming. Methylation of DNA cytosine residues (mCG), particularly in CpG islands of promoters,
is a well-established mechanism that represses gene transcription in adult cells [16]. Several
studies have specifically shown in ESCs, that loss of DNA methyltransferases also compro‐
mises their ability to differentiate into mature cells without affecting their self-renewal [17].

In embryonic stem cells, lineage-specific gene expression program regulators are repressed,
but poised for a rapid response to differentiate [18]. These areas of chromatin, have so called
bivalent domains, consist of opposing chromatin marks; i.e. H3K4me for activation and
H3K27me for silencing. In ESCs, these domains are believed to be responsible for preventing
the transcription responsible for their early differentiation to a specific lineage while priming
the area for activation when the appropriate cues are expressed. Consistent with this belief is
the findings that the bulk of the protein-encoding genes of human ESCs, including transcrip‐
tionally inactive genes have H3K4me, H3K9ac and H3K14ac rich promoter regions in areas of
the nucleosome adjacent and downstream of transcription start sites [19, 20]. Moreover, in
ESCs, genes with bivalent gene promoters tend to have unmethylated CpG islands [21]. The
initial step of active DNA demethylation in mammals occurs by the conversion of 5-methyl‐
cytosine of DNA (5mC) to 5-hydroxymethylcytosine (5hmC). A prime example of this in
pluripotent stem cells has been shown in regulating the expression of the stem cell transcription
factor, Nanog. Here, the demethylated state is critical for the upregulation of Nanog which is
an essential regulator of ESC pluripotency and self-renewal, while its downregulation
attributed to methylation of its promoter is required for ICM specification [22]. Recent studies
demonstrate that demethylation of Nanog is in part contributed to the expression of the Tet
methylcytosine dioxygenase 1 (TET1) enzyme which is a TET family member of enzymes that
catalyze the conversion of 5mC to 5hmC. This enzyme has been found to demethylate Nanog
promoter sites in mouse ES cells [23, 24]. Both TET1 and TET2 expression have also been shown
to be regulated by Oct4 expression in mouse ES cells, downregulated following differentiation
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the findings that the bulk of the protein-encoding genes of human ESCs, including transcrip‐
tionally inactive genes have H3K4me, H3K9ac and H3K14ac rich promoter regions in areas of
the nucleosome adjacent and downstream of transcription start sites [19, 20]. Moreover, in
ESCs, genes with bivalent gene promoters tend to have unmethylated CpG islands [21]. The
initial step of active DNA demethylation in mammals occurs by the conversion of 5-methyl‐
cytosine of DNA (5mC) to 5-hydroxymethylcytosine (5hmC). A prime example of this in
pluripotent stem cells has been shown in regulating the expression of the stem cell transcription
factor, Nanog. Here, the demethylated state is critical for the upregulation of Nanog which is
an essential regulator of ESC pluripotency and self-renewal, while its downregulation
attributed to methylation of its promoter is required for ICM specification [22]. Recent studies
demonstrate that demethylation of Nanog is in part contributed to the expression of the Tet
methylcytosine dioxygenase 1 (TET1) enzyme which is a TET family member of enzymes that
catalyze the conversion of 5mC to 5hmC. This enzyme has been found to demethylate Nanog
promoter sites in mouse ES cells [23, 24]. Both TET1 and TET2 expression have also been shown
to be regulated by Oct4 expression in mouse ES cells, downregulated following differentiation
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alongside other stem cell markers, and is induced concomitantly with 5-hmC during fibroblast
reprogramming into iPS cells [25].

In addition to promoter regulation, methylC-Seq genome-wide analysis has also discovered
novel types of DNA methylation regulation at non-CG sites (CHG and CHH sites where H =
A, C, or T residues). These analyses showed that non-CG methylation accounted for 25% of
the total ESC methylome and that these sites were more commonly found within gene bodies
than within promoter sites [26]. Furthermore, the methylation of these sites was lost when
differentiation was induced in ESCs, and restored during the generation of in induced
pluripotent stem cells. This included many differentially methylated regions associated with
genes involved in pluripotency and differentiation.

2.3. Polycomb and trithorax group proteins in pluripotent stem cells

Recent studies have established that developmental gene priming and bivalency are crucial
for pluripotency whereby the chromatin of pluripotent stem cells are transcriptionally
permissive, with normally silent DNA repeat regions, transcriptionally related histone
modifications such as H3K9ac, H3K4me3, H3K36me3 and low stochastic transcription of
lineage-restricted genes [8, 9]. The poised state is believed to inhibit the activity of RNA
Polymerase II (RNAP II) and thereby deregulate elongation. In the poised state, RNAP II
demonstrates high Ser5 phosphorylation and low levels of Ser2 phosphorylation which is in
part controlled by a number of complexes involved in this process. For this, several groups or
families of complexes involved in epigenetic regulation have been studied in pluripotent stem
cells. These proteins include those which regulate histone modifications, DNA methylation
and ATP-dependent chromatin remodelling and include the polycomb group (PcG) proteins,
trithorax group (TrxG) proteins, and ATP-dependent enzymes of the BAF complex. In general,
PcG proteins are usually associated with epigenetic gene silencing, while their antagonists
TrxG and BAF complexes proteins are involved in epigenetic maintenance or activation of
differentiation. The importance of these proteins in developmental regulation of gene expres‐
sion is well-established [27], while, their functions in adult and pluripotent stem cells is only
recently been understood [28]. This includes studies which show that PcG, TrxG, and other
chromatin remodeling factors including ATP-dependent enzymes are interconnected in their
roles to regulate pluripotency (see Figure 1) [29-33].

PcG, TrxG, and BAF complex associated genes are conserved from fly to man and are important
in the regulation of organogenesis and development. PcG proteins were initially discovered
as repressors of the Hox or homoeotic genes in Drosophila, while TrxG and BAP (BAF Droso‐
philia homolog) proteins maintained Hox gene expression in the appropriate spatial domains.
Hox genes encode a family of evolutionarily conserved regulators, which are involved in
establishing body segmentation patterns during the development of the fly. In mammalians,
these proteins also regulate genes involved in development and differentiation.

PcG proteins produce two distinct protein complexes that act sequentially to regulate gene
expression – the “Bmi-1 complex” also known as Polycomb Repressive Complexes (PRC1) and
the “Eed complex” also known as PRC2. The PRC1 or Bmi-1 complex includes Bmi-1, Ring1A/
B, Mph1/Rae28, Mel-18, M33, and Scmh1. The PRC2 or Eed complex includes Ezh1, Ezh2,
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PHF1, MTF2, Eed, YY1, RBBP4, RBBP7, PCL1, PCL2, PCL3, JARID2, AEBP2, and PHF19 and
Suz12 [34, 35]. Initial steps in stem cell reprogramming involves the recruitment of histone
deacetylase by activity of the PRC2 complex, which causes local deacetylation of chromatin
and subsequent methylation of K27 of histone H3. This H3K27 methylation then recruits the
Bmi-1 complex to the site, which leads to the monoubiquitination of Lys119 histone H2A, and
in turn suppresses gene expression [36]. The coordinative action of these two complexes plays
an important role in the regulation and maintenance of gene expression during development
and contributes to the epigenetic memory of stem cells [37, 38].

BAF complex > Nature Neuroscience 13, 1330–1337 (2010) doi:10.1038/nn.2671 Published online 26 October 2010
TrxG & PRCs : Cell Stem Cell. 2012 Jul 6;11(1):16-21. doi: 10.1016/j.stem.2012.06.005.

Figure 1. Chromatin remodeling factors of the TrxG, PRC1/2 and BAF complexes work together to regulate stem cell
status. In pluripotent stem cells, genes necessary for lineage-specific regulation consist of ‘bivalent’ chromatin do‐
mains that contain repressed H3K27me3 marks, as well as active H3K4me3 marks. These genes are then ‘primed’ for
rapid induction of expression upon receiving differentiation cues. Proteins of the TrxG family tri-methylate H3K4 lead‐
ing to active chromatin marks. PRC2 activity leads to repressive tri-methylation of H3K27 and subsequent recruitment
of PRC1 to the nucleosome region. Upon recruitment, PRC1 transfers a mono-ubiquitin residue to histone 2A
(H2AK119). Together, the binding of PRC1 and the ubiquitylation of H2AK119ub silences gene expression. BAF com‐
plexes directly unwind nucleosomal DNA by using ATP and helicase-like subunits. Together, these complexes coexist
and/or work hierarchically to regulate pluripotency and bivalency in stem cells.

Polycomb repressive complexes have been shown associated with many developmental
regulator regions in ESCs, and many of the PcG repressed targets of ESCs are also ‘bivalent’
[30, 39]. For instance, PRC2 target genes have been shown to be preferentially turned on during
ESC differentiation and that the pluripotent stem cell regulating genes Oct4, Sox2, and Nanog
co-occupy a significant subset of these genes. Therefore, it has been suggested that the PRC2
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permissive, with normally silent DNA repeat regions, transcriptionally related histone
modifications such as H3K9ac, H3K4me3, H3K36me3 and low stochastic transcription of
lineage-restricted genes [8, 9]. The poised state is believed to inhibit the activity of RNA
Polymerase II (RNAP II) and thereby deregulate elongation. In the poised state, RNAP II
demonstrates high Ser5 phosphorylation and low levels of Ser2 phosphorylation which is in
part controlled by a number of complexes involved in this process. For this, several groups or
families of complexes involved in epigenetic regulation have been studied in pluripotent stem
cells. These proteins include those which regulate histone modifications, DNA methylation
and ATP-dependent chromatin remodelling and include the polycomb group (PcG) proteins,
trithorax group (TrxG) proteins, and ATP-dependent enzymes of the BAF complex. In general,
PcG proteins are usually associated with epigenetic gene silencing, while their antagonists
TrxG and BAF complexes proteins are involved in epigenetic maintenance or activation of
differentiation. The importance of these proteins in developmental regulation of gene expres‐
sion is well-established [27], while, their functions in adult and pluripotent stem cells is only
recently been understood [28]. This includes studies which show that PcG, TrxG, and other
chromatin remodeling factors including ATP-dependent enzymes are interconnected in their
roles to regulate pluripotency (see Figure 1) [29-33].

PcG, TrxG, and BAF complex associated genes are conserved from fly to man and are important
in the regulation of organogenesis and development. PcG proteins were initially discovered
as repressors of the Hox or homoeotic genes in Drosophila, while TrxG and BAP (BAF Droso‐
philia homolog) proteins maintained Hox gene expression in the appropriate spatial domains.
Hox genes encode a family of evolutionarily conserved regulators, which are involved in
establishing body segmentation patterns during the development of the fly. In mammalians,
these proteins also regulate genes involved in development and differentiation.

PcG proteins produce two distinct protein complexes that act sequentially to regulate gene
expression – the “Bmi-1 complex” also known as Polycomb Repressive Complexes (PRC1) and
the “Eed complex” also known as PRC2. The PRC1 or Bmi-1 complex includes Bmi-1, Ring1A/
B, Mph1/Rae28, Mel-18, M33, and Scmh1. The PRC2 or Eed complex includes Ezh1, Ezh2,
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PHF1, MTF2, Eed, YY1, RBBP4, RBBP7, PCL1, PCL2, PCL3, JARID2, AEBP2, and PHF19 and
Suz12 [34, 35]. Initial steps in stem cell reprogramming involves the recruitment of histone
deacetylase by activity of the PRC2 complex, which causes local deacetylation of chromatin
and subsequent methylation of K27 of histone H3. This H3K27 methylation then recruits the
Bmi-1 complex to the site, which leads to the monoubiquitination of Lys119 histone H2A, and
in turn suppresses gene expression [36]. The coordinative action of these two complexes plays
an important role in the regulation and maintenance of gene expression during development
and contributes to the epigenetic memory of stem cells [37, 38].
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rapid induction of expression upon receiving differentiation cues. Proteins of the TrxG family tri-methylate H3K4 lead‐
ing to active chromatin marks. PRC2 activity leads to repressive tri-methylation of H3K27 and subsequent recruitment
of PRC1 to the nucleosome region. Upon recruitment, PRC1 transfers a mono-ubiquitin residue to histone 2A
(H2AK119). Together, the binding of PRC1 and the ubiquitylation of H2AK119ub silences gene expression. BAF com‐
plexes directly unwind nucleosomal DNA by using ATP and helicase-like subunits. Together, these complexes coexist
and/or work hierarchically to regulate pluripotency and bivalency in stem cells.

Polycomb repressive complexes have been shown associated with many developmental
regulator regions in ESCs, and many of the PcG repressed targets of ESCs are also ‘bivalent’
[30, 39]. For instance, PRC2 target genes have been shown to be preferentially turned on during
ESC differentiation and that the pluripotent stem cell regulating genes Oct4, Sox2, and Nanog
co-occupy a significant subset of these genes. Therefore, it has been suggested that the PRC2
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complex represses a distinct group of developmental genes that have to be repressed to
maintain pluripotency. This would promote a poised or primed state which could be readily
activated during early differentiation [40]. For example, the histone methyltransferase Ezh2 is
known to catalyze H3K27me3. In fact, bivalency domains at PRC2 regulated promoters are
roughly five times more likely to become DNA methylated during differentiation than those
with non-PRC2 regulated promoters [21] suggesting that the PRC2 complex plays a pivotal
role in the switch for early lineage commitment [41]. Jarid2, a member of the Jumonji family
of histone demethylases, has also been shown to play an important role in properly recruiting
PRC1 and PRC2 and initiating the RNA Polymerase II activating form (Ser5P-RNAPII) [42] to
bivalent loci to promote differentiation [43-45]. While Jarid2 is enzymatically inactive in ESCs,
recent evidence has shown that Jarid2 is regulated by pluripotency factors in ESCs [43]. In null
ESCs lacking Jarid2 expression were able to self-renew but unable to differentiate despite
expressing appropriate PRC2 target genes demonstrating that transcriptional priming of
bivalent genes in ESCs was dependent on Jarid2 expression.

In addition to the bivalent marks associated with PRC2 associated H3 modifications in
pluripotent stem cells, bivalent genes in stem cells also exhibit repressive marks of
H2AK119Ub1 at their promoter and throughout the coding region. For this reason, members
of the PRC1 complex Ring1A and Ring1B proteins which catalyze H2AK119ub1 have also
reveal a role in regulating pluripotency [30, 46]. For instance, in ESCs, double mutants of
Ring1A/B demonstrate reduced levels of H2AK119Ub1, repression of known stemness genes
(including Oct4 targets), increased expression of developmental regulator targets, and
spontaneous differentiation. Furthermore, upon differentiation, Ring1A/B lost binding to their
target loci suggesting that a Ring 1/B mediated complex functions downstream of the stem cell
core transcriptional machinery to maintain the ESC state [47].

In addition to PcG complexes, core members of the TrxG and BAF chromatin remodeling
complexes have also been shown to contribute to the bivalent mark in stem cells by acting in
concert to establish and preserve H3K4me3 [48, 49]. Another core member, WD repeat domain
5 (Wdr5) of the TrxG complex, has also been associated with the undifferentiated state and
shown to regulate self-renewal in mouse ESCs [50]. This study went further to show that Wdr5
expression can promote efficient derivation of pluripotent iPS cells. Along with PcG and TrxG
complexes, other chromatin remodeling complexes have been shown to have crucial roles in
maintaining pluripotency. For instance, it has been shown that ESCs contain a unique BAF
complex, which distinguishes them from differentiated cell types. This ESC complex consists
of BAF60a, BAF155 and BRG subunits in the absence of BAF60c, BAF170 or BRM [48, 51].
Components of this ESC BAF complex also appear in RNAi screens for pluripotent genes [52,
53]. In mouse ESCs, it was also shown that BRG removal causes decreased self-renewal and
aberrant differentiation, whereas BRG withdrawal from differentiated cells had very little
effect [51]. Additionally, the pluripotency regulator genes Oct4, Sox2 and Nanog, have been
shown to be targeted by components of the ESC-specific BAF complex [48, 51, 54-56] as well
as facilitate IPS cell reprogramming [33].

Pluripotent Stem Cells210

3. Epigenetic control in primordial germ cells and pluripotent embryonic
germ cells

Primordial germ cells (PGCs) are the progenitors of sperm and egg. In humans, these cells first
appear around the fifth week after conception and in mouse, during embryonic day (E) 5. At
this time, PGCs emerge from differentiated epiblast cells which have already begun to undergo
major epigenetic changes including DNA methylation and X inactivation [57]. Thus, epigenetic
regulation or reprogramming must occur in PGCs in order to achieve an undifferentiated
totipotent-like state [57, 58]. X activation and demethylation in PGCs is similar to that seen in
the process of generating ESCs and reprogramming somatic cells into pluripotent iPS cells [59].
Together, these epigenetic changes in germ cell development is to prevent the transmission of
aberrant epigenetic modifications to the next generation and to promote epigenetic equiva‐
lency in the germ line of male and female embryos, which is necessary for proper imprinting.
This is the only time in which homologous chromosomes are epigenetically indistinguishable
and in PGCs occurs primarily in the developing embryonic gonad [60, 61].

Key initiators of PGC induction in the epiblast include the Blimp1 (B-lymphocyte-induced
maturation protein 1), also known as PR domain zinc finger protein 1 (Prdm1), Prdm14 and
protein arginine methyltransferase 5 (Prmt5). These factors have been shown to initiate
epigenetic reprogramming and induce repression of the somatic program during germ cell
specification [62-64], and in a similar fashion to facilitate somatic cell reprogramming in iPS
cells and in epiblast stem cell generation [65, 66]. Their effects occur through both direct and
indirect targets. For instance, it is known that BLIMP1 associates with the arginine methyl‐
transferase PRMT5 to reduce expression of Hox-family genes and other somatic genes in PGCs
via H2A/H4 R3 methylation [67].

In addition to pluripotent associated genes, early germ-cell development and imprinted genes
also undergo demethylation during this time. These include well-established postmigratory
germ cell genes Mvh (also known as Ddx4), Sycp3 (synaptonemal complex protein 3) and Dazl
(deleted in azoospermia-like). These genes are demethylated in germ cells and repressed in
somatic cells. This demethylation occurs during the migration of PGCs into the gonad at CpG
islands of their promoters as well as at differentially methylated regions (DMRs) of imprinted
genes [68, 69]. Whether DNA methylation in PGCs is erased by an active or a passive mecha‐
nism is currently unclear. However, two DNA deaminases, activation-induced cytidine
deaminase (AID) and apolipoprotein B mRNA editing enzyme, catalytic polypeptide 1
(APOBEC1) may demonstrate a key role in this process. While both enzymes have been shown
in vitro to deaminate 5-methylcytosine in DNA in mouse PGCs, deficiencies in AID expression
has also shown that it is essential for erasure of DNA methylation [70]. Both, Aid and Apobec1
are located in a cluster of genes which comprise Stella, Growth differentiation factor 3 (GDF3)
and Nanog. Stella, Gdf3 and Nanog are all expressed in pluripotent tissues as well as in germ
cells. [71]. While Stella is a known constituent of germ cell development, Gdf3 and Nanog have
important roles in conferring stem-cell identity on ES cells. It has also been suggested that in
vivo targeting in the zygote of AID to the methylated DMR of the imprinted gene H19 results
in efficient and substantial demethylation of this region [72]. Together these findings suggest
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complex represses a distinct group of developmental genes that have to be repressed to
maintain pluripotency. This would promote a poised or primed state which could be readily
activated during early differentiation [40]. For example, the histone methyltransferase Ezh2 is
known to catalyze H3K27me3. In fact, bivalency domains at PRC2 regulated promoters are
roughly five times more likely to become DNA methylated during differentiation than those
with non-PRC2 regulated promoters [21] suggesting that the PRC2 complex plays a pivotal
role in the switch for early lineage commitment [41]. Jarid2, a member of the Jumonji family
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PRC1 and PRC2 and initiating the RNA Polymerase II activating form (Ser5P-RNAPII) [42] to
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ESCs lacking Jarid2 expression were able to self-renew but unable to differentiate despite
expressing appropriate PRC2 target genes demonstrating that transcriptional priming of
bivalent genes in ESCs was dependent on Jarid2 expression.
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Ring1A/B demonstrate reduced levels of H2AK119Ub1, repression of known stemness genes
(including Oct4 targets), increased expression of developmental regulator targets, and
spontaneous differentiation. Furthermore, upon differentiation, Ring1A/B lost binding to their
target loci suggesting that a Ring 1/B mediated complex functions downstream of the stem cell
core transcriptional machinery to maintain the ESC state [47].

In addition to PcG complexes, core members of the TrxG and BAF chromatin remodeling
complexes have also been shown to contribute to the bivalent mark in stem cells by acting in
concert to establish and preserve H3K4me3 [48, 49]. Another core member, WD repeat domain
5 (Wdr5) of the TrxG complex, has also been associated with the undifferentiated state and
shown to regulate self-renewal in mouse ESCs [50]. This study went further to show that Wdr5
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complex, which distinguishes them from differentiated cell types. This ESC complex consists
of BAF60a, BAF155 and BRG subunits in the absence of BAF60c, BAF170 or BRM [48, 51].
Components of this ESC BAF complex also appear in RNAi screens for pluripotent genes [52,
53]. In mouse ESCs, it was also shown that BRG removal causes decreased self-renewal and
aberrant differentiation, whereas BRG withdrawal from differentiated cells had very little
effect [51]. Additionally, the pluripotency regulator genes Oct4, Sox2 and Nanog, have been
shown to be targeted by components of the ESC-specific BAF complex [48, 51, 54-56] as well
as facilitate IPS cell reprogramming [33].
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islands of their promoters as well as at differentially methylated regions (DMRs) of imprinted
genes [68, 69]. Whether DNA methylation in PGCs is erased by an active or a passive mecha‐
nism is currently unclear. However, two DNA deaminases, activation-induced cytidine
deaminase (AID) and apolipoprotein B mRNA editing enzyme, catalytic polypeptide 1
(APOBEC1) may demonstrate a key role in this process. While both enzymes have been shown
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are located in a cluster of genes which comprise Stella, Growth differentiation factor 3 (GDF3)
and Nanog. Stella, Gdf3 and Nanog are all expressed in pluripotent tissues as well as in germ
cells. [71]. While Stella is a known constituent of germ cell development, Gdf3 and Nanog have
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an important role of AID in facilitating demethylation and reprogramming the pluripotent
state. Similar to AID, TET1 and TET2 may also play a facilitative role in PGC demethylation
as both TET enzymes are expressed in mouse PGCs during imprint erasure, concurrent with
5hmC enrichment [73].

Another important epigenetic process required for germ cell development and cellular
reprogramming to the pluripotent state involves the X chromosome. In female adult cells, one
of the two X chromosomes is inactivated to compensate for the differences in gene expression
between sexes. For this purpose, X chromosome inactivation is initiated in early embryos by
noncoding X-inactive specific transcript (Xist) RNA followed by chromatin modifications on
the inactive X chromosome which leads to stable gene repression in somatic cells. Likewise,
reactivation of the X chromosome is required for the totipotency of the female blastocyst and
germ cell development. Reactivation of the X chromosome also occurs to establish pluripo‐
tency in iPS cells. During development, epigenetic reprogramming or re-activation of the
inactive X-chromosome commences in PGCs during their migration through the hindgut along
their route to the developing gonads where imprint erasure is completed [74]. In mouse PGCs,
decreased Xist expression, and the displacement of PcG repressor proteins EED and SUZ12,
results in the loss of the inactive X associated histone modification, H3K27me3 [74]. In humans,
PcG proteins YY1, EZH2, and EED have also been found in the ovarian follicles, oocytes and
preimplantation embryos. YY1 and EZH2 transcripts were additionally detected in human
metaphase II oocytes suggesting they may be play a similar role in human germ cell reprog‐
ramming [75].

In vitro, PGCs cultured under specific conditions can also demonstrate epigenetic reprogram‐
ming with pluripotent cell-like characteristics. In these cases, PGCs form pluripotent stem cell
colonies called embryonic germ cells (EGCs) which have notable similarities in their epige‐
nomes [58, 76-82], and like ESCs, EGCs have been shown to induce epigenetic reprogramming
of somatic nucleus in hybrid cells [60].

4. MicroRNAs and stem cells

MicroRNAs (miRNAs) are a family of non-protein coding RNAs with transcripts of ~20–25
nucleotides that play essential roles in regulating gene expression (see [83-85]. A subset of
miRNAs have been shown to be preferentially expressed in undifferentiated stem cells and
for some, have been shown to play essential roles in pluripotency, proliferation, and modula‐
tion of expression patterns that are related to differentiation [86-89]. The promoter regions of
these miRNAs are often occupied by the pluripotency transcription factors, including Oct4,
Sox2, and Nanog [90]. In addition, during ESC differentiation, proteins modulated by miRNAs
[91] have also been shown to be modulated by PcG proteins [92]. For instance, Marson et al.
showed that approximately one quarter of the Oct4/Sox2/Nanog/Tcf3-occupied miRNAs
belonged to a set of repressed miRNA genes bound by Suz12 in murine ES cells [90]. Here, the
PRC2 complex protein SUZ12 was bound to a subset of inactive miRNAs controlling differ‐
entiation in mouse ESCs [90]. In this study, SUZ12 bound to the promoters of several miRNAs
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associated with repressing differentiation in ESCs. In a similar fashion, another PRC2 associ‐
ated factor, the transcription factor YY1 has also been shown to directly regulate miR-29
transcription through the recruitment of HDAC1 and EZH2 to the regulatory regions of the
miR-29 promoter [93].

Studies in mice have shown that induction of neural differentiation in mouse ESCs with
retinoic acid results in increased miR-134, miR-296, and miR-470 which in turn interact with
the coding sequences of the pluripotency transcription factors Oct4, Sox2, and Nanog. These
results suggest that through interaction of the miRNAs these pluripotent stem cells genes are
downregulated thereby permitting differentiation to proceed [91]. Additionally, the ESC-
specific miR-290 cluster has also been shown to regulate Oct4 methylation in differentiating
ESCs [94]. Other studies have shown that mouse ESCs deficient in proteins of the miRNA
processing apparatus such as Dicer, Drosha, DGCR8, and Ddx5 exhibit differentiation and
developmental defects [95-97].

Interestingly, PcG proteins have been shown to be both regulators of miRNA expression as
well as their targets. For instance, miRNA-101 has been shown to directly regulate the
expression of the PRC protein EZH2 in highly aggressive cancers [98, 99].

5. Epigenetic regulation in progenitor and adult stem cells

Progenitor cells and adult stem cells are thought to be predecessors of pluripotent or multi‐
potent stem cells that are generated during early differentiation. During their transition in
development, bivalently marked stem cell genes can become either active, or inactive, or
remain bivalent, dependent in part, on the activity of key enzymes which drive these chromatin
modifications such as lysine demethylases (KDMs), histone deubiquitylases (DUBs), and
DNA methyltransferases (DNMTs). Bivalent chromatin, although present in progenitor cells,
is less frequent than in pluripotent stem cells. This has been shown in mesenchymal stem cells,
hematopoietic stem cells and neural progenitors, in which cases the bivalency continues to
resolve upon further differentiation [100]. During this process in pluripotent stem cells, active
genes exhibit diminishing suppressive chromatin marks, an increase in H3K4me3, gain of
H3K36me3 within coding sequences of DNA, and contain RNAP II that carries high Ser5
phosphorylation and low levels of Ser2 phosphorylation near promoter and within coding
regions. Moreover, inactive genes show loss of active chromatin marks while retaining
repressive ones, and in some cases gaining CpG methylation (mCpG).

Specific differences occur in the chromatin states between pluripotent stem cells, progenitor
cells and more differentiated cell types which include active, repressed and poised states of
chromatin. Several lines of evidence suggest that priming in the poised state enables genes to
respond rapidly when differentiation cues are presented [30]. For example, during neural
induction, several hundred genes including those required to maintain stem cell-ness become
de novo mCG and therefore transcriptionally silenced. Furthermore, the observation was
made that neural precursors that are derived from ESCs acquired more mCG than terminal
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resolve upon further differentiation [100]. During this process in pluripotent stem cells, active
genes exhibit diminishing suppressive chromatin marks, an increase in H3K4me3, gain of
H3K36me3 within coding sequences of DNA, and contain RNAP II that carries high Ser5
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regions. Moreover, inactive genes show loss of active chromatin marks while retaining
repressive ones, and in some cases gaining CpG methylation (mCpG).

Specific differences occur in the chromatin states between pluripotent stem cells, progenitor
cells and more differentiated cell types which include active, repressed and poised states of
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respond rapidly when differentiation cues are presented [30]. For example, during neural
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neurons, suggesting that the transition from pluripotent to lineage-committed cells is associ‐
ated with these changes [17, 21, 101, 102].

Polycomb group proteins also appear to play a unique role in defining the progenitor or adult
stem cell state. It has been shown that the PRC1 complex protein Bmi-1 activates multiple
pathways that are important for regulating the stem cell-like state. For example, it has been
shown that Bmi-1 is potentially upregulated via the pluripotent stem cell marker SALL4
signaling and has been shown to regulate stem cell self-renewal by repressing Hox genes, as
well as INK4a locus genes, p16INK4a and p19ARF. BMI1 has also been shown to facilitate stem
cell-like features in adult stem cells such as increased telomerase activity, transcriptional factor
GATA3, and NF-kB pathways. These pathways are associated with the prevention of senes‐
cence, differentiation and apoptosis, while promoting immortalization and proliferation (for
review see [103]).

6. Epigenetic dysregulation in cancer stem cells

Cancer stem/initiating cells (CSC) have been defined as a subset of cancer cells that have clonal
ability or self-renewal and are resilient against cancer therapies [104, 105]. As such CSCs are
implicated in cancer initiation, metastasis, and recurrence of some cancers [106]. Although the
most well established pluripotent stem cell genes OCT4, NANOG, cMYC and SOX2 are
implicated in many poorly differentiated or metastatic cancers [107-109], they are not ex‐
pressed in all and they are not all elevated concordantly. In addition, targets of NANOG, OCT4,
SOX2, and c-MYC are often overexpressed in tumors that are poorly differentiated, more so
than in those that are well differentiated [110]. These genes also play a significant role in the
induction of pluripotency into iPS cells from differentiated cell types and are thus involved in
regulating epigenetic reprogramming [111-113]. More specifically, it is found that c-MYC,
which is also an oncogene is sufficient for the reactivation of ESC-like transcriptional program
in both, normal and cancer cells [114]. Additionally, studies have shown that one of the
inherent issues with generating iPS cells is their propensity to become cancer stem cell-like
[115, 116]. Taken together, these results indicate that aberrant activation of an ESC or iPS-like
transcriptional program might cause induction of pathological self-renewal in adult differen‐
tiated cells, characteristic of cancer stem cells.

Aberrant function of PcG proteins has also been established in the malignancy of various
cancers [117]. This is not surprising as it is well known that polycomb complexes contribute
to the epigenetic regulation of key networks associated with self-renewal [118], differentiation,
and proliferation [92, 119-123]. These roles for polycombs have been demonstrated in cancer
cells and normal stem cells [124] and more recently studied for their targeted function in CSCs
[125]. For instance, there is much evidence that overexpression of the EZH2 polycomb gene
occurs in multiple human malignancies (see [117, 126]). One study showed that this may in
part be atributed to a genomic loss of miR-101 which has been shown to lead to increased EZH2
levels [99, 127]. Although how EZH2 contributes to carcinogenesis remains poorly defined,
recent evidence suggests that overexpression of EZH2 can contribute to improper silencing of

Pluripotent Stem Cells214

tumor suppressor genes [121]. In this case, EZH2 was shown to target a pro-differentiation
tumor suppressor gene, retinoic acid receptor β2 (RARβ2) [120], which is reduced or lost in
many human malignancies.

7. Conclusion

The pluripotent stem cells have a chromatin that is hyperdynamic, with a preponderance of
modified histones and chromatin remodelers that ensures low-level transcription and tight
regulation. Losing pluripotency is accompanied with a more compact, repressive, chromatin
structure, which leads to cellular differentiation. Chromatin architecture is regulated at
multiple levels in conjunction with known pluripotent genes to constitute an interwoven
pluripotency network. Although there are many gaps in our knowledge of how epigenetic
modifications regulate the pluripotent state, it is known that PcG repressor proteins prevent
the precocious expression of lineage-restricted gene expression in pluripotent stem cells and
germ cells by contributing to a unique ‘primed’ bivalent state of the chromatin. Future studies
will provide mechanistic insights into the signaling cues required to maintain this state and
inhibit differentiation while iPS cells and adult stem cells provide a renewed opportunity to
study the role of chromatin architecture for controlling the pluripotent state. This will include
understanding the mechanisms that interplay between pluripotent transcription factors,
epigenetic regulators, and miRNAs to balance self-renewal and differentiation, properties
which regulate reprogramming and carcinogenesis.
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cdk, cyclin-dependent kinase; H2A-K119-Ub, ubiquitinylated histone H2A lysine 119;
H3K27me3, tri-methylated histone H3 lysine K27; PcG, Polycomb group genes; ESC, embry‐
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Multiple Paths to Reprogramming
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Additional information is available at the end of the chapter
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1. Introduction

For a long time, differentiation was considered a “one way process”; Conrad Waddington, in
the 1950s, described cellular differentiation and development as a ball rolling towards different
one-way ramified valleys, giving rise to specific cell fates, irreversibly [1]. However, in the last
decades, a series of studies have shown that somatic cells and stem cells are more plastic than
previously believed. Using different technical approaches, the epigenetic barriers imposed
during development in differentiated cells can be erased, and cells can re-acquire pluripotency
through a process, known as “reprogramming”.

The first evidence came at the end of the 1950’s from the pivotal experiments performed by
J.B. Gordon in the zoology department at Oxford University [2]. At that time, embryologists,
not aware of epigenetic regulation, i.e. the role of chromatin and its crucial modifications in
cell fate determination, wondered whether development and cellular differentiation arise
upon specific restriction of the genetic information contained in their nuclei. To answer this
basic but intriguing question, Gordon used a technique, now known as somatic cellular nuclear
transfer (SCNT) in Xenopus laevis laevis. For these experiments, nuclei from intestinal epithelial
cells of albino tadpoles were transferred into unfertilized and enucleated wild-type frog
oocytes. This resulted in the development of normal albino frogs, which in some cases were
also fertile. They concluded from these studies that adult nuclei contain the genetic information
necessary for the development of a frog. Moreover, cellular differentiation, during develop‐
ment, does not occur through loss of genetic information. These findings were exciting for the
scientific community but at the same time controversial for two reasons: I) the efficiency with
which a ‘cloned’ frog reached the adult stage was around 1% and II) the same technique did
not work with mammalian cells [3].

For forty years, the scientific community was not able to use SCNT in other species. Finally,
in 1997, by using the same technique, Ian Wilmut and colleagues, at the Roslin Institute in
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Edinburgh, Scotland, succeeded in generating the sheep named “Dolly” by SCNT, further
confirming that genetic modifications, leading to cellular differentiation, are not irreversible.
Two key improvements in his technical strategy led to the first cloning of a mammal: unfer‐
tilized oocytes were used as recipients and donor cells were induced to exit from the normal
cellular cycle, by serum withdrawal [4, 5].

One year later, Wakayama and colleagues [6] reported that SCNT also allowed the cloning of
the most used animal model, the mouse. Again, another technical advance led to this progress:
the use of an enucleation pipette, which allowed for the removal of the nucleus from the
oocytes. This advance also allowed the conclusion that reprogramming factors are not oocyte-
specific, meaning that SCNT can be done also using zygotes and fertilized eggs [7], and that
the molecules responsible for reprogramming were present in the cell cytoplasm. In general,
nuclear transfer (see Figure 1) involves two steps: a) de-differentiation of a somatic donor cell
to an embryonic state and the in vitro maturation till the blastocyst stage (also known as
therapeutic cloning); b) the further development of the cloned blastocyst, after the implantation
in the maternal uterus (reproductive cloning).

Figure 1. SCNT, Therapeutic and Reproductive cloning

Therapeutic cloning permits the derivation of nuclear transfer derived embryonic stem cells
(ntESCs). Recently, the efficiency of isolation of ntESCs drastically increased, at least in mice,
from 1% to 20% [8]. It has also been possible to derive similar cells in cats, dogs, wolves, goats
and monkeys. Although the isolation of human ntESCs has been reported, this paper has been
retracted later on [9]. Thus, the possibility of therapeutic cloning with human cells needs to
still be demonstrated. However, the therapeutic cloning remains a promising technology for
regenerative medicine, considering that ntESCs, from other species, were able to differentiate
into all the cell types of an adult body.

Reproductive cloning is technically more difficult than therapeutic cloning, as it involves the
further development in vivo in a pseudopregnant female. Embryos, derived after SCNT,
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develop till blastocyst stage with a good efficiency (20-50% depending on the species), but
most of them die in the post-implantation stage, without reaching birth (1-5% of survival rate
to birth, depending on the species).

Analysis of the cloned animals also showed several abnormalities: increased telomere
shortening (which may have caused the premature death of Dolly), altered gene expression
during development, prolonged gestation, fetal or placental edema, increased risk of obesity
and cancer. The reasons for these pathologies remain not fully understood. The defects may
be due to infidelity of the reprogramming: residual epigenetic memory of the donor cell may
be present an/or imprinting of important developmental genes may be altered. Nevertheless,
reproductive cloning remains attractive and may have potential implications in agriculture
and industrial biotechnology. However, as it relates to humans, cloning (also therapeutic)
remains controversial as theoretically, it may allow the cloning of a human being.

Evidence that differentiation is reversible also comes from another technique, known as cell
fusion [10]. In cell fusion experiments, two or more cells can be fused together (by using
polyethylene glycol (PEG) or electrofusion) to generate a single cell, called heterokaryon or
hybrid. The larger or more dividing cell type is the “dominant” one, and the “recessive” cell
will convert its gene expression profile to the one imposed by the dominant cell type. Obvi‐
ously, alteration in the ratio of the two cell types during fusion will affect the final fate of the
fused cells [11].

A heterokaryon, produced by inhibiting cell division, is a fused cell that becomes multinucleat‐
ed and survives only short-term. If the cell cycle is not blocked, the fused cells will form a hybrid,
because upon the first division the two different nuclei will become a single nucleus, having 4n
chromosomes (see Figure 2). Its karyotype can be: 1) euploid, when fused cells are from same
species (the two cell types have the same number of chromosomes, thus, their segregation will be
balanced); 2) aneuploid, when cells fused are from different species (the two cell types have a
different number of chromosomes, thus, they will be lost and/or rearranged).

Figure 2. Cell fusion
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Cell fusion experiments advanced medical knowledge on cell plasticity. In 1969, Harris et al.
fused tumor cells with normal cells and demonstrated that there are trans-acting oncosup‐
pressor genes. Upon fusion, malignancy was suppressed and this was not due to the loss of
an oncogene, as after prolonged in vitro culture malignancy re-emerged [12]. Fibroblasts can
be induced to produce albumin or melanin if fused with hepatocytes [13, 14] or melanocytes
[15, 16], respectively.

In 1983, Blau et al. [17] produced for the first time heterokaryons from diploid human
amniocytes fused with differentiated mouse muscle cells. She demonstrated that the hetero‐
karyons express many human muscle-related genes and that this activation was mediated by
factors present in the cytoplasm (as non-dividing heterokaryons have distinct nuclei). Similar
heterokaryons with muscle cells can be produced not only by fusing them with amniocytes
but also with cells of the three embryonic lineages (mesoderm, ectoderm, endoderm) [18].

In 1997, Surani, Tada and colleagues demonstrated, by producing proliferative hybrids that
cell fusion not only ”switches” the fate of different cell types but also “reprograms” them to a
pluripotent state. Thymocytes from adult mice were fused to embryonic germ cells, pluripotent
stem cells derived from primordial germ cells (PGCs). By using DNA sensitive restriction
enzymes, they demonstrated that the genome of the somatic cell underwent a general deme‐
thylation, with reactivation of imprinted and non-imprinted genes, resembling the reprog‐
ramming events occurring in germ cell development [19].

They also fused female thymocytes, derived from Oct4-GFP mice, with mouse ESCs [17]. Two
days after fusion, expression of GFP, from the thymocyte, was detected. The X chromosome,
normally silenced in adult female cells, was reactivated. Moreover, hybrids had developmental
potential, like ESCs, as they contributed to the three germ layers of chimeric animals, upon
blastocyst aggregation [18]. Using the same approach, in 2005, Cowan succeeded in creating
hybrids between human somatic cells and human ESCs [19].

This further elucidated that the differentiation state of cells is plastic and reversible; both
SCNT  and  cell  fusion  experiments  clearly  demonstrated  that  it  is  possible  to  reset  the
epigenetic landscape of somatic cells. Despite all these studies were already present in the
literature, the field of reprogramming only became jumpstarted in 2006 when Takahashi
and Yamanaka [20] demonstrated that the overexpression of pluripotency-related transcrip‐
tion  factors  (TFs)  can  dedifferentiate  adult  fibroblasts  to  induced pluripotent  stem cells
(iPSCs),  iPSCs  strongly  resemble  ESCs.  iPSC  technology  is  an  inefficient  process,  but
differently  from SCNT or  cell  fusion,  may have  in  the  near  future  therapeutic  applica‐
tions,  including human disease modeling,  drug screening and patient-specific  cell  thera‐
py (see Figure 3).

After this publication [20], several studies demonstrated the potential of epigenetic reprog‐
ramming. Indeed, there is now evidence that use of different “cocktails” of TFs allows not only
to redirect fibroblasts to an ESC-fate but also to a lineage-specific cell types/precursors, like
cardiomyocytes, neuronal precursors, hepatocytes and blood cells, from a tissue different than
the tissue from which the somatic cell was isolated [21-23].
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Figure 3. iPSC technology and applications

Finally, It has also become clear that cell plasticity and reprogramming may be partially
achieved or enhanced by the culture microenvironment. An increasing number of studies is
showing how small molecules, including epigenetic modifiers and signaling pathway
modulators, play a crucial role in cell-fate determination [24]. All together, these studies
highlight that culture media influences the epigenetic-state of the cells in which they are
cultured and thus their features [25]. In this chapter, we will discuss:

1. Reprogramming to the pluripotency-state, describing transcription factors used in mouse and
human, different methodologies and potentiality of iPSC technolology

2. Lineage conversion, illustrating the differentiated cell types/precursors obtained and the
differences of this approach with the iPSC technology

3. Culture mediated reprogramming, providing the published data which highlight the
influence of culture media and small molecules on stem cells fate and features

2. Reprogramming to the pluripotency-state

In 1987, two key discoveries highlighted how crucial the role is of some “master” TFs in cell
fate determination. During Drosophila Melanogaster development, the gene Antennopedia
(Antp) specifies the formation of the thoracic segment, which will then form the legs of the
adult fly. Heat-induced overexpression of Atnp, at specific larval stage, led to the formation of
additional legs instead of antennae [26]. Similarly, ectopic expression of eyeless (the homolo‐
gous of Pax6 in mice) caused the development of functional eyes on the wings, antennae and
legs of drosophila [27].

Twenty years after these pivotal experiments, Shinya Yamanaka’s group used the same TF-
based technology to reprogram adult fibroblasts to pluripotent state [20]. Mouse embryonic
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and adult fibroblasts, transduced with retroviral vectors encoding for Oct4, Sox2, Klf4 and c-
Myc and cultured in ESC-medium, erased their differentiated epigenetic state and reestab‐
lished the pluripotent state; these cells were named induced pluripotent stem cells (iPSCs).
Murine iPSCs exhibited morphological and growth properties of ESCs, and expressed alkaline
phosphatase and SSEA1. No differences, if compared with ESCs, could be detected in their
methylation status, X activation status, embryoid body (EB) formation, in vitro differentiation
capacity (ectodermal, mesodermal and endodermal), teratoma formation and in vivo devel‐
opmental potential (contribution to the three germ layers of chimeric animals).

Noteworthy, pluripotent stem cells (PSCs) possess mechanisms that lead to the silencing of
the integrated transgenes. Therefore, the expression of the four TFs is necessary for generating
iPSCs but dispensable for maintenance of the iPSC fate; hence, pluripotency and selfrenewal
capacity rely on the trans-activation of the endogenous genes, suggesting a true and complete
reprogramming. Mouse iPSCs, like ESCs, were germline competent [28] and supported the
development of a mice in tetraploid complementation assay [29]. In this assay, embryonic cells
at the two cell-stage are fused together. This results in a tetraploid blastocyst in which just the
extraembryonic tissues will further develop; by complementing the tetraploid embryo with
normal diploid PSCs, it is possible to generate an individual, completely derived from the
diploid PSCs. Interestingly, the same combination of TFs [30] or a somewhat different one
(Oct4, Sox2, Nanog and Lin28) can be used for the reprogramming of human cells [31].

This discovery is groundbreaking because with iPSC technology, PSCs can now be induced/
derived for autologous cell transplantation, avoiding immunological problems and ethical
issues related to the use of human ESCs. In addition, iPSCs from patients carrying a disease
can be derived and used to better understand the biological problem leading to the disease as
well as for drug-screening.

2.1. Rationale behind iPSCs

The rationale for the selection of the genes for this “reprogramming” cocktail was obviously
based on the studies, done in the preceding decade, aimed at understanding the network of
TFs responsible for ESC pluripotency and selfrenewal.

The Oct4 (also known as Pou5f1) gene encodes for a TF that belongs to the POU homeodo‐
main DNA binding domain family  [32].  It  plays  a  key  role  in  the  development  and in
maintenance  of  both  ESCs  self-renewal  and  pluripotency.  Misregulation  of  its  levels
triggers loss of the ESC fate; a 50% loss of expression drives ESCs to trophectoderm while
a 50% greater expression induces primitive endoderm or mesoderm [33]. Knockout (KO)
experiments  in  mouse  demonstrated  lethality  at  the  preimplantation  stage  in  vivo  and
failure of ESC derivation in vitro [34].

Sox2 belongs to a family of TFs, having the high mobility group (HMG) DNA-binding domain,
identified for the first time in the SRY (sex determining Y region) protein, which is the testis
determining factor. In general, the genes from the Sox family are involved in different and
crucial steps of mammalian development [35, 36]. Sox2 KO embryos die immediately after
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implantation [37]. Moreover, it is well known that Oct4 and Sox2 form a complex together,
which regulates synergistically the trascription of among others, Fbx15, Fgf4 and Utf1 [38-41].

Nanog, (from Tír na nÓg, the Land of Ever-Young in the old Irish mythology) is another
homeobox TF essential for pluripotency. Nanog expression can be detected in the late morula,
in the ICM of the blastocyst and in the epiblast. Nanog knockout mice are lethal and the ICM
fails to further progress to the epiblast-stage [42-44]. In contrast to Oct4, Nanog overexpression
maintains ESC selferewal and pluripotency in a feeder-free and LIF-independent way.

Lin28 is a negative regulator of micro (mi)RNA processing. It blocks the posttranscriptional
processing of several primary miRNA transcripts (pri-miRNAs). It is responsible for miRNA
biogenesis in both cancer cells and ESCs; so it plays a key role in tumorigenesis and develop‐
ment. Lin28 KO mice have decreased weight at birth and increased postnatal lethality [45].

Different from the above genes, Klf4 and c-Myc are not ESC-specific but are required for their
direct or indirect effect on cell proliferation. Of note, iPSCs can also be produced without c-
Myc and this is clinically relevant, considering the oncogenic features of c-Myc [46].

Although the combination of Oct4, Sox2, Klf4 and c-Myc (OSKM) consistently allows the
reprogramming, this it is not an efficient process (0.01-0.1%). For this reason, subsequent
studies were focused on improving iPSC efficiency and since the first iPSC publication, many
papers have reported several other genes which enhance the efficiency of iPSC generation.

Inclusion of Utf1, another TF involved in ESC pluripotency, together with the inhibition of
p53, increases iPSC generation by 200-fold [47]. Similarly, other factors (like the SV40 large T
antigen, SV40LT; the telomerase reverse transcriptase, TERT) and microRNAs (miRNAs)
controlling cell proliferation, senescence and apoptosis also affects the efficiency and the speed
of reprogramming [48-52]. Other studies have reported important roles for Sall4 [53], Esrrb
(which can replace Klf4] [54] and Tbx3 (which improves the germline contribution) [55].

2.2. The donor cell type and epigenetic memory

The starting cell, used for reprogramming, is a key parameter that influences the kinetics, the
efficiency and the quality of the iPSCs. Fibroblasts are the most commonly used somatic cells
because they can be easily isolated. In mouse studies, embryonic fibroblasts (MEFs) are
commonly used as iPSCs can be generated in 10-12 days; MEF-derived iPSC generation is
therefore recommended for studies aimed at understanding the mechanisms underlying iPSC
generation, as well as the TFs and the chemicals that may enhance this process.

To generate iPSCs from human foreskin fibroblasts (HFFs), three weeks are required and the
efficiency is 100 fold less compared with human primary keratinocytes, in which reprogram‐
ming also occurs faster [56]. When using CD133+ cord blood cells, iPSCs can be produced by
overexpression of only Oct4 and Sox2. As cord blood banks exist, it is believed that this cell
source may be useful to make an iPSC bank representing a wide panel of haplotypes for
regenerative medicine [57].

Another crucial parameter is the differentiation status; Hematopoietic stem cells and progen‐
itors have a higher efficiency of reprogramming than terminally differentiated B- and T-
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implantation [37]. Moreover, it is well known that Oct4 and Sox2 form a complex together,
which regulates synergistically the trascription of among others, Fbx15, Fgf4 and Utf1 [38-41].

Nanog, (from Tír na nÓg, the Land of Ever-Young in the old Irish mythology) is another
homeobox TF essential for pluripotency. Nanog expression can be detected in the late morula,
in the ICM of the blastocyst and in the epiblast. Nanog knockout mice are lethal and the ICM
fails to further progress to the epiblast-stage [42-44]. In contrast to Oct4, Nanog overexpression
maintains ESC selferewal and pluripotency in a feeder-free and LIF-independent way.

Lin28 is a negative regulator of micro (mi)RNA processing. It blocks the posttranscriptional
processing of several primary miRNA transcripts (pri-miRNAs). It is responsible for miRNA
biogenesis in both cancer cells and ESCs; so it plays a key role in tumorigenesis and develop‐
ment. Lin28 KO mice have decreased weight at birth and increased postnatal lethality [45].

Different from the above genes, Klf4 and c-Myc are not ESC-specific but are required for their
direct or indirect effect on cell proliferation. Of note, iPSCs can also be produced without c-
Myc and this is clinically relevant, considering the oncogenic features of c-Myc [46].

Although the combination of Oct4, Sox2, Klf4 and c-Myc (OSKM) consistently allows the
reprogramming, this it is not an efficient process (0.01-0.1%). For this reason, subsequent
studies were focused on improving iPSC efficiency and since the first iPSC publication, many
papers have reported several other genes which enhance the efficiency of iPSC generation.

Inclusion of Utf1, another TF involved in ESC pluripotency, together with the inhibition of
p53, increases iPSC generation by 200-fold [47]. Similarly, other factors (like the SV40 large T
antigen, SV40LT; the telomerase reverse transcriptase, TERT) and microRNAs (miRNAs)
controlling cell proliferation, senescence and apoptosis also affects the efficiency and the speed
of reprogramming [48-52]. Other studies have reported important roles for Sall4 [53], Esrrb
(which can replace Klf4] [54] and Tbx3 (which improves the germline contribution) [55].

2.2. The donor cell type and epigenetic memory

The starting cell, used for reprogramming, is a key parameter that influences the kinetics, the
efficiency and the quality of the iPSCs. Fibroblasts are the most commonly used somatic cells
because they can be easily isolated. In mouse studies, embryonic fibroblasts (MEFs) are
commonly used as iPSCs can be generated in 10-12 days; MEF-derived iPSC generation is
therefore recommended for studies aimed at understanding the mechanisms underlying iPSC
generation, as well as the TFs and the chemicals that may enhance this process.

To generate iPSCs from human foreskin fibroblasts (HFFs), three weeks are required and the
efficiency is 100 fold less compared with human primary keratinocytes, in which reprogram‐
ming also occurs faster [56]. When using CD133+ cord blood cells, iPSCs can be produced by
overexpression of only Oct4 and Sox2. As cord blood banks exist, it is believed that this cell
source may be useful to make an iPSC bank representing a wide panel of haplotypes for
regenerative medicine [57].

Another crucial parameter is the differentiation status; Hematopoietic stem cells and progen‐
itors have a higher efficiency of reprogramming than terminally differentiated B- and T-
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lymphocytes [58]. Similarly, Sox2+ neural progenitor cells form iPSCs just by forced
overexpression of Oct4 [59]. Many other cell types, such as adipose stem cells [60], dental pulp
cells [61], oral mucosa cells [62] and peripheral blood cells [63] can also be used to generate
iPSCs.

iPSCs from different origins have a similar, if not identical, gene expression profile in their
pluripotent state. However, it has become clear that some genomic regions are differentially
methylated [64]; they retain an epigenetic memory of the cell of origin and this is reflected in
their differentiation capacity. For example, iPSCs generated from blood poorly differentiated
into neuronal cells but had a higher capacity to differentiate into hematopoietic cells [65].

The cell of origin to be used for iPSC generation, also has impact on safety issues; iPSC lines,
generated from tail tip fibroblasts, have shown a higher propensity to form teratomas than
lines obtained from stomach, hepatocyte or MEF, due to the persistence of undifferentiated
cells even after iPSC differentiation [66].

2.3. Methods for iPSC generation

The method of transgene delivery is a crucial factor in determining the efficiency but also the
clinical relevance of iPSCs. Although initial reports were based on retroviral vectors, later
publications described several other methods, which allow the generation of iPSCs. They can
be divided into two main groups: integrative and non-integrative methods [67, 68]. Integrative
methods are in general more efficient but they are less safe than the non-integrative methods,
which are, however, inefficient.

When choosing the strategy of reprogramming, it is important to consider the aim of the study;
integrative methods, the most efficient ones, should be used for elucidating mechanisms
underlying iPSC generation, and TFs and chemicals that may enhance this process, while, non-
integrative methods will be required to generate clinical-grade iPSCs.

2.3.1. Integrative method

2.3.1.1. Viral vector-based delivery

Mouse and human iPSCs were initially produced by transduction of Moloney murine
leukemia virus (MMLV)-derived retroviral vectors. Vectors, based on this system, allow
cargoes of up to 8Kb fragments, can efficiently infect (although only dividing cells) and are
generally silenced in pluripotent cells [69].

Lentiviral vectors, derived from HIV, have also been used. Differently from the retroviral
vectors, the latter have a higher cloning capacity (up to 10Kb of DNA) and can infect both
dividing and non-dividing cells. However, transgenes introduced using lentiviral vectors are
less-silenced and this can result in a more laborious identification of bona fide iPSC clones
(having the transgenes silenced). The lentiviral vector system allowed the Tet-inducible
expression of the transgenes in a tightly controlled way [70]. Subsequently, polycistronic
lentiviral vectors, having the OSKM cDNA under the control of a unique promoter were used
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[71]. This was possible by including in between the different cDNAs, the 2A self-deleting
peptide. This permits the continuous translation of downstream cDNA after the release of the
previous protein [72]. In general, viral vector-based methods are quite efficient and reprodu‐
cible (>0.1% in mouse cells, <0.01 in human cells). However, clones generated by viral delivery
are not clinically safe. The transgenes may be reactivated during iPSC differentiation; more‐
over long terminal repeats (LTR) may activate proto-oncogenes increasing their tumorigenicity
[28, 73].

2.3.1.2. Transposon delivery

Another possible strategy for iPSC generation is the transient delivery of OSKM by Piggyback
(PB) transposon [74]. This system consists of a donor vector, containing the cassette (OSKM),
flanked by a 5’ and a 3’ inverted repeat, and a helper plasmid, expressing the PB transposase.
When cotransfected, the cassette of the donor plasmid is pasted into the TTAA sequences
present in the genome, but can be remobilized after the reprogramming [75, 76]. The PB
transposon-mediated generation of iPSCs occurs with high efficiency and, among the integra‐
tive methods, this is the only one that allows a precise deletion of the cassette. However,
alterations at the integration sites were found; therefore, sequences at the integrations sites
must be verified.

2.3.2. Non-integrative method

2.3.2.1. Viral vector-based delivery

Adenoviral vectors do not integrate into the host genome and can, thus, be used for making
iPSCs [77, 78]. Adenoviral vectors can carry up to 36kB and can infect both dividing and non-
dividing cells. However, the efficiency of iPSC generation is extremely low (0.002 to 0.0001%),
probably because the premature dilution of adenoviral vectors during cell replication.

A more efficient alternative has been reported by Fusaki and colleagues [79], using F-deficient
Sendai viral vectors. Sendai viruses are minus strand RNA virus, which replicate their genome
in the host cytoplasm. Because these viral vectors replicate ubiquitously, their efficiency of
reprogramming is similar to retroviral vectors. However, to obtain viral vector-free iPSCs,
elimination of the vector using temperature sensitive mutant or antiviral compounds is
required.

2.3.2.2. Episomal and minicircle vectors

OriP/Epstain-Barr nuclear antigen-1-based (OriP/EBNA1) vectors can be transfected into host
cells and maintained stably episomically (because they replicate during cell divisions through
their oriP element) using a drug in the culture medium [80]. Yu and colleagues [81] used the
combination of three OriP/EBNA1 vectors (having a combination of 10 reprogramming factors)
to generate iPSCs from HFF. By removing the drug selection, episomal vectors are eliminated
from proliferating iPSCs.
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transposon-mediated generation of iPSCs occurs with high efficiency and, among the integra‐
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alterations at the integration sites were found; therefore, sequences at the integrations sites
must be verified.
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Adenoviral vectors do not integrate into the host genome and can, thus, be used for making
iPSCs [77, 78]. Adenoviral vectors can carry up to 36kB and can infect both dividing and non-
dividing cells. However, the efficiency of iPSC generation is extremely low (0.002 to 0.0001%),
probably because the premature dilution of adenoviral vectors during cell replication.

A more efficient alternative has been reported by Fusaki and colleagues [79], using F-deficient
Sendai viral vectors. Sendai viruses are minus strand RNA virus, which replicate their genome
in the host cytoplasm. Because these viral vectors replicate ubiquitously, their efficiency of
reprogramming is similar to retroviral vectors. However, to obtain viral vector-free iPSCs,
elimination of the vector using temperature sensitive mutant or antiviral compounds is
required.

2.3.2.2. Episomal and minicircle vectors

OriP/Epstain-Barr nuclear antigen-1-based (OriP/EBNA1) vectors can be transfected into host
cells and maintained stably episomically (because they replicate during cell divisions through
their oriP element) using a drug in the culture medium [80]. Yu and colleagues [81] used the
combination of three OriP/EBNA1 vectors (having a combination of 10 reprogramming factors)
to generate iPSCs from HFF. By removing the drug selection, episomal vectors are eliminated
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Another alternative are the minicircle vectors, that differently from the above vectors, are non-
replicative [82]. These vectors have a better transfection efficiency than OriP/EBNA1, due to
their reduced length (they lack the bacterial origin of replication and the antibiotic resistance
gene). However, both strategies have a three-fold lower efficiency (<0.001%) than retroviral
vector-based reprogramming.

2.3.2.3. Protein/RNA based delivery

Previous studies have shown that proteins can be directly delivered into cells by fusing them
with peptides [83], which mediates their transduction, such as poly-arginine or the HIV
transactivator of transcription (TAT). Zhou et al. [84] produced recombinant OSKM proteins
fused with poly-arginine in Escherichia coli and generated iPSCs from Oct4-GFP MEF, including
valproic acid (a histone deacetylase inhibitor) in the medium. Kim et al. [85], succeeded in
reprogramming human neonatal fibroblasts by producing OSKM, fused to a Myc tag and nine
arginines.

Similarly, in vitro transcribed ssRNA, modified by phosphatase treatment and by substituting
cytidine and uridine for 5-methylcytidine and pseudouridine, can be delivered into different
human cells [86]. This method also requires a recombinant B18R protein, which improves cell
viability and protein stability. Differently from protein delivery, the latter strategy has a fast
kinetics and a higher efficiency [0.01-0.1%, depending on the cell type). However, also in this
case, a careful screening for mutations in different iPSC clones will be needed before an
eventual clinical application.

Type of vector Method
Genomic

Integration

Efficiency

reported

Viral Retrovirus + 4X

Viral Lentivirus + 3X

Viral Adenovirus - 1X

Viral Sendai Virus - 4X

DNA Transposon - 2X

DNA Minicircle - X

DNA Episomal plasmid - X

RNA Recombinant RNA - 3X

PROTEIN Recombinant protein - X

4x= >0.1%; 3X= <0.1%; 2X= <0.01%;1X= <0.001%

Table 1. Comparison of different strategies for iPSC generation
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2.4. iPSC technology, unsolved questions and emerging technologies

iPSCs were reproducibly derived from most, if not all, somatic tissues; however the efficiency
reported is always less than 1%. It is the consensus of scientific community, that many more
than 1% of the transfected/transduced cells start the reprogramming process. Using a live cell
imaging approach, it was demonstrated [87] that almost all the transduced cells undergo
symmetric divisions within 48 hours, retaining a fibroblast-morphology. At later stages,
reprogramming cells undergo asymmetric divisions: one descendant becomes an iPSC while
the other one undegoes cell death. Still unknown, stochastic and clonal events appear to control
this process at later stages; in fact most of the cells do not complete the initiated process. Several
studies have demonstrated key roles for demethylation [88], telomerase length [89] and
mesenchymal to epithelial transition [90], during the reprogramming. A better understanding,
especially of the later stochastic mechanisms, is still needed to fully understand and improve
the efficiency of iPSC technology [91].

Another important question has been whether or not ESCs and iPSCs are similar and if not,
whether differences are functionally important for their application. Conclusions from
different studies are conflicting. Several papers have reported that there are remarkable
differences in gene expression and DNA methylation [92, 93], while other studies, which
included a large number of ESC and iPSC lines, concluded that it is quite difficult to distinguish
between ESCs and iPSCs [94-96]. Considering that there are differences among different ESC
lines [97], it is now believed that iPSCs clones have a higher variability than ESCs but that at
least some iPSC clones are indistinguishable from ESCs.

Furthermore, the recent work of Young and colleagues [98] demonstrated that most of the
genetic variability in between different iPSC clones is already present in the starting cell line
and is thus not caused by the reprogramming process.

Interestingly, in the last five years, several studies have clearly demonstrated the potential of
iPSC technology in regenerative medicine. Hanna et al [99] generated iPSCs from a humanized
model of sickle cell anemia. After correcting the hemoglobin gene, by gene targeting, iPSCs
were able to generate hematopoietic stem cells and to rescue the disease. Similarly, the
potential of iPSCs for cell therapy was demonstrated for macular degeneration [100], Parkin‐
son’s disease [101], platelet deficiencies [102] and spinal cord injury [103, 104].

iPSCs derived from patients with specific diseases have been used for studying the mecha‐
nisms involved in these diseases and for drug screening [105, 106]. In vitro disease modeling
is not only possible for monogenic disease but also for more complex polygenic diseases,
having a late onset, like schizophrenia [107] and Alzheimer [108, 109].

As a result of the success with reprogramming of somatic cells to a pluripotency-state, lineage
reprogramming (trans-differentiation) between different somatic cell types has also become a
burgeoning field of research (see next section).

In conclusion, iPSC technology will, in the near future, have a drastic impact on science,
regenerative medicine and business. Precise selection of “clean” clones, through the evaluation
of their genomic and epigenetic integrity, as well as their gene expression profile, will be crucial
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nisms involved in these diseases and for drug screening [105, 106]. In vitro disease modeling
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for downstream applications. Despite these remaining hurdles, it is believed that clinical
applications for iPSCs are not far off.

3. Lineage conversion

The  discovery  of  iPSCs,  together  with  previous  experiments  involving  SCNT  and  cell
fusion, clearly showed that differentiation is a reversible process and that cells are more
‘plastic’  than previously believed.  Therefore,  a  new field,  called lineage reprogramming,
emerged rapidly in the last five years. Recent attempts have demonstrated that, the forced
overexpression of TFs can also convert one cell  type to another of  the same or of  other
somatic  germ layers.  Lineage reprogramming depends on the capacity of  certain TFs to
overcome the existing epigenetic barriers and to rapidly initiate the new identity-specific
gene network [110-113].

Examples  of  direct  lineage  conversion  were  described already in  1986;  Davis,  Lassar  et
al. [114, 115] converted different fibroblast lines into myogenic cells by overexpression of
MyoD, a basic  helix-loop-helix transcription factor,  in combination with the demethylat‐
ing  agent,  5-azacytidine.  Subsequent  studies  confirmed  that  myogenic  conversion,  as
shown by presence of desmin and myosin heavy chain, could be achieved in vitro  starting
from  a  variety  of  cell  types  (adipose,  melanoma,  neuroblastoma  and  liver  cell  lines).
However,  the  complete  downregulation  of  the  ‘original’  tissue-specific  genes  was  only
seen when starting with  mesodermal  cells  and not  with  endodermal  or  ectodermal  cell
lines [116, 117].

A similar transdifferantiation was also seen in the blood system. The deletion of Pax5 in pro-
B cells resulted in their switch into the T-cell lineage [118, 119]. Later on, the same group
investigated this transdifferentiation more extensively; mature B cells were isolated from Pax5
knockout mice and transplanted back into a lymphocyte deficient recipient. Surprisingly, they
could detect in the reconstituted mice donor pro B cells, which then gradually converted into
T cells [120]. This demonstrated that lost of Pax5 led to a T cell phenotype through de-
differentiation rather than direct transdifferentiation. Another example of direct conversion
came from the work done by Graf and colleagues [121]; overexpression of C/EBPα or C/
EBPβ, a basic leucine zipper TF binding CCAAT enhancers, induced a macrophage phenotype
(as shown by Mac1 expression) in bone marrow or spleen-derived B cells. In the induced
macrophages almost all the B cell genes analyzed were downregulated and cells acquired
phagocytic function in vitro.

The above examples describe experimental conversions but there were also cases in which this
conversion occurs naturally. Jarriault et al. [122], demonstrated that the epithelial rectal cell
‘Y’, migrates anterodorsally from the rectum to become a ‘PDA’ motor neuron. This conversion
from Y to PDA is not direct but occurs through a de-differentiation state, in which the initial
(Y-cell) and the final (PDA-cell) identity are not present [123]. In this section, we will describe
the relevant cell types, recently, obtained by lineage reprogramming.
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3.1. Conversion into mesodermal types

Seale and colleagues have recently found that Myf5+ muscle precursors can convert into brown
fat cells in vivo and in vitro [124], while studying the role of PRDM16 during development.
Overexpression of PRDM16 differentiated primary mouse myoblasts with nearly 100%
efficiency to brown fat. Vice versa, downregulation of PRDM16 in primary brown fat cells
resulted in the expression of MyoD and Myogenin and in a myotube-like morphology.
Interestingly, forced expression PRDM16 was not able to induce the same conversion in non-
myogenic cell lines, like fibroblasts. Performing proteomic studies, they identified C/EBPα as
a partner of PRDM16 in brown fat. Subsequently, they used combined overexpression of C/
EBPα and PRDM16 [125] and demonstrated that mouse and human dermal fibroblasts could
differentiate into brown-fat cells, which functional features (fat pad formation and glucose
uptake after transplantation into mice).

Human dermal fibroblasts were converted into multipotent blood progenitors by just Oct4
overexpression [126] in combination with treatment with a hematopoietic permissive medium,
containing growth factors and cytokines. Oct4 is a key TF for pluripotency but it is not
expressed in the hematopoieic system [127]; probably, Oct4, in this case of lineage reprogram‐
ming, is mimicking the effect of Oct1 and Oct2, two other members of Pou family of TFs
expressed in lymphoid development [128]. The induced progenitors express CD45 and express
adult globin protein (unlike hematopoietic cells derived from human ESCs and iPSCs).
Multipotent blood progenitors have myeloid, erythroid and megakaryocytic but not lymphoid
potential, as shown by transplantation experiments.

The forced overexpression of TFs involved in cardiac development (Tbx5, Mef2c and Gata4)
converts mouse cardiac and dermal fibroblasts into cardiomyocyte-like cells, termed induced
cardiomyocyte (iCMs) [129]. Around 20% of the cells appear to be ‘converted’ in three days as
measured by the expression of alpha-myosin heavy chain (αMHC), although one month is
required for their complete maturation, which resulted in spontaneous beating capacity.
Transplantation of iCMs, the day after the viral transduction, in injured hearts results in their
engraftment and differentiation in vivo. Interestingly, the same strategy is able to convert
cardiac fibroblasts in vivo [130]. When retroviral vectors, carrying the above factors, are injected
after myocardial infarction, this results in the efficient conversion (>50%) of cardiac fibroblasts
into functionally beating cardiomyocytes. Efficiency of cardiac-conversion is increased when
Hand2 is added to the above cocktail of genes [131].

3.2. Conversion into endodermal types

The lineage reprogramming into β-cells is of particular interest, considering the potential for
the treatment of diabetes. Zhou et al., [132] were able to in vivo convert exocrine acinar cells
into functional β-like cells, combining three genes essential for pancreatic development (Ngn3,
Pdx1 and MafA). Adenoviral vectors, carrying the pancreatic cocktail, were injected; again,
conversion occurred in three day and efficiency of conversion was relatively high (20%).
Analysis, one month later, showed that induced β-like cells produced insulin and rescued the
hyperglycemic level after streptozotocin-treatment. However, the same combination of factors
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for downstream applications. Despite these remaining hurdles, it is believed that clinical
applications for iPSCs are not far off.
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emerged rapidly in the last five years. Recent attempts have demonstrated that, the forced
overexpression of TFs can also convert one cell  type to another of  the same or of  other
somatic  germ layers.  Lineage reprogramming depends on the capacity of  certain TFs to
overcome the existing epigenetic barriers and to rapidly initiate the new identity-specific
gene network [110-113].

Examples  of  direct  lineage  conversion  were  described already in  1986;  Davis,  Lassar  et
al. [114, 115] converted different fibroblast lines into myogenic cells by overexpression of
MyoD, a basic  helix-loop-helix transcription factor,  in combination with the demethylat‐
ing  agent,  5-azacytidine.  Subsequent  studies  confirmed  that  myogenic  conversion,  as
shown by presence of desmin and myosin heavy chain, could be achieved in vitro  starting
from  a  variety  of  cell  types  (adipose,  melanoma,  neuroblastoma  and  liver  cell  lines).
However,  the  complete  downregulation  of  the  ‘original’  tissue-specific  genes  was  only
seen when starting with  mesodermal  cells  and not  with  endodermal  or  ectodermal  cell
lines [116, 117].

A similar transdifferantiation was also seen in the blood system. The deletion of Pax5 in pro-
B cells resulted in their switch into the T-cell lineage [118, 119]. Later on, the same group
investigated this transdifferentiation more extensively; mature B cells were isolated from Pax5
knockout mice and transplanted back into a lymphocyte deficient recipient. Surprisingly, they
could detect in the reconstituted mice donor pro B cells, which then gradually converted into
T cells [120]. This demonstrated that lost of Pax5 led to a T cell phenotype through de-
differentiation rather than direct transdifferentiation. Another example of direct conversion
came from the work done by Graf and colleagues [121]; overexpression of C/EBPα or C/
EBPβ, a basic leucine zipper TF binding CCAAT enhancers, induced a macrophage phenotype
(as shown by Mac1 expression) in bone marrow or spleen-derived B cells. In the induced
macrophages almost all the B cell genes analyzed were downregulated and cells acquired
phagocytic function in vitro.

The above examples describe experimental conversions but there were also cases in which this
conversion occurs naturally. Jarriault et al. [122], demonstrated that the epithelial rectal cell
‘Y’, migrates anterodorsally from the rectum to become a ‘PDA’ motor neuron. This conversion
from Y to PDA is not direct but occurs through a de-differentiation state, in which the initial
(Y-cell) and the final (PDA-cell) identity are not present [123]. In this section, we will describe
the relevant cell types, recently, obtained by lineage reprogramming.
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3.1. Conversion into mesodermal types

Seale and colleagues have recently found that Myf5+ muscle precursors can convert into brown
fat cells in vivo and in vitro [124], while studying the role of PRDM16 during development.
Overexpression of PRDM16 differentiated primary mouse myoblasts with nearly 100%
efficiency to brown fat. Vice versa, downregulation of PRDM16 in primary brown fat cells
resulted in the expression of MyoD and Myogenin and in a myotube-like morphology.
Interestingly, forced expression PRDM16 was not able to induce the same conversion in non-
myogenic cell lines, like fibroblasts. Performing proteomic studies, they identified C/EBPα as
a partner of PRDM16 in brown fat. Subsequently, they used combined overexpression of C/
EBPα and PRDM16 [125] and demonstrated that mouse and human dermal fibroblasts could
differentiate into brown-fat cells, which functional features (fat pad formation and glucose
uptake after transplantation into mice).

Human dermal fibroblasts were converted into multipotent blood progenitors by just Oct4
overexpression [126] in combination with treatment with a hematopoietic permissive medium,
containing growth factors and cytokines. Oct4 is a key TF for pluripotency but it is not
expressed in the hematopoieic system [127]; probably, Oct4, in this case of lineage reprogram‐
ming, is mimicking the effect of Oct1 and Oct2, two other members of Pou family of TFs
expressed in lymphoid development [128]. The induced progenitors express CD45 and express
adult globin protein (unlike hematopoietic cells derived from human ESCs and iPSCs).
Multipotent blood progenitors have myeloid, erythroid and megakaryocytic but not lymphoid
potential, as shown by transplantation experiments.

The forced overexpression of TFs involved in cardiac development (Tbx5, Mef2c and Gata4)
converts mouse cardiac and dermal fibroblasts into cardiomyocyte-like cells, termed induced
cardiomyocyte (iCMs) [129]. Around 20% of the cells appear to be ‘converted’ in three days as
measured by the expression of alpha-myosin heavy chain (αMHC), although one month is
required for their complete maturation, which resulted in spontaneous beating capacity.
Transplantation of iCMs, the day after the viral transduction, in injured hearts results in their
engraftment and differentiation in vivo. Interestingly, the same strategy is able to convert
cardiac fibroblasts in vivo [130]. When retroviral vectors, carrying the above factors, are injected
after myocardial infarction, this results in the efficient conversion (>50%) of cardiac fibroblasts
into functionally beating cardiomyocytes. Efficiency of cardiac-conversion is increased when
Hand2 is added to the above cocktail of genes [131].

3.2. Conversion into endodermal types

The lineage reprogramming into β-cells is of particular interest, considering the potential for
the treatment of diabetes. Zhou et al., [132] were able to in vivo convert exocrine acinar cells
into functional β-like cells, combining three genes essential for pancreatic development (Ngn3,
Pdx1 and MafA). Adenoviral vectors, carrying the pancreatic cocktail, were injected; again,
conversion occurred in three day and efficiency of conversion was relatively high (20%).
Analysis, one month later, showed that induced β-like cells produced insulin and rescued the
hyperglycemic level after streptozotocin-treatment. However, the same combination of factors
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failed to reprogram myocytes in vivo and mouse embryonic fibroblast in vitro, indicating that
additional factors will be needed to achieve this conversion from unrelated cell types.

More recently, mouse fibroblasts were converted into hepatocyte-like cells by overexpressing
Hnf4α, FoxA1, FoxA2 and FoxA3 [133] or by Gata4, Hnf1α, Foxa3 together with p19Arf

inactivation [134]. The reprogrammed cells were termed induced hepatocytes (iHeps) and had
a gene expression profile and features (albumin production and cytochrome P450 activity),
which closely resemble mature hepatocyte. iHeps in vivo were able to reconstitute hepatic
tissues and to support hepatic function in the fumoaryl-acetate hydrolase (FAH-/-) deficient
mice.

3.3. Conversion into neuronal types

The conversion into neuronal types is, probably, the one that received more attention in the
field of lineage reprogramming. The increasing attention is due to their possible application
for the treatment of diseases involving the nervous system.

In 2010, Vierbuchen et al. [135] were the first to describe how overexpression of Ascl1, Mytl1
and Bm2 (also known as Pou3f2, again a member of Pou family) can convert embryonic and
tail-tip fibroblasts into a mixed populations of induced neurons (iNs). iNs generate functional
synapses with mouse cortical neurons and have action potentials; the detailed electrophysio‐
logical analysis showed that iNs contains mainly cells with features of glutamatergic neurons
(with just a small percentage of GABAergic neurons). Remarkably, the addition of NeuroD1
to the above set of genes was necessary to achieve the same conversion in human cells [136].
The enriched cocktail of factors was able not only convert fibroblasts but also mouse hepatocyte
into iNs [137].

Several groups, differently, converted fibroblasts into induced neural stem cells (iNSCs), that
differently from the previous examples, can still self-renew and differentiate into different
neuronal subtypes (multipotent). Different cocktail of factors and inductive media have been
used to obtain multipotent neuronal stem cells from human and mouse fibroblasts: the group
of Scholer [138] used Sox2, Klf4, c-Myc, together with Tcf3 and Brn4 (also known as Pou3f4);
our group [139] by adding Zic3 to Oct4, Sox2 and Klf4; Ring et al. [140], by just overexpressing
Sox2.

Different laboratories focused on a more direct conversion into specific neuronal subtypes,
with a particular interest on neuronal cell types affected in neurodegenerative diseases. Two
groups have been able to convert mouse and human fibroblasts into induced Dopaminergic
Neurons (iDAs), the subtype affected in Parkinson’s disease. The first laboratory [141]
achieved this by adding FoxA2 and Lmx1a to Ascl1, Mytl1 and Bm2; the second [142] by
overexpressing Ascl1, Lmx1a and Nurr1 (also known as Nr4a2). iDA cells, upon transplanta‐
tion in mice, were capable to integrate into the host neuronal circuitry and express markers
typical for mature dopaminergic neurons.

Lineage conversion was also achieved into spinal motor neurons, the subtypes involved in
amyotrophic lateral sclerosis and spinal muscular atrophy. Conversion into induced Motor
Neurons (iMNs) was achieved for both mouse and human fibroblasts; mouse embryonic
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fibroblasts were converted with Ascl1, Brn2, Mytl1, Lhx3, Ngn2, Isl1 and Hb9 whereas human
cells also required NeuroD1 [143]. iMNs displayed markers, electrophysiological features and
gene expression profile, which strongly resemble motor neurons. Moreover, iMNs engrafted
into the developing chick spinal cord, forming axonal and dentritic projections toward the
adjacent musculature.

Of note, Qiang et al [144] demonstrated that lineage reprogramming is also useful for drug
screening and disease modeling. iNs, again with glutamatergic features, were induced by
overexpressing Ascl1, Bm2, Mytl1 together with Zic1 and Olig2. iNs were produced from both
healthy donors and Alzheimer’s patients. iNs produced from patients displayed the typical
accumulation of beta amyloid peptides (Aβ40 and Aβ42). Combining lineage reprogramming
with gene-targeting technology, similar cells could also be used for autologous transplantation.

Starting cell type Conversion into Factors

(m) Β-Cells
Macrophage-like

cells
C/EBPα or β, PU.1 (121)

(m/h) dermal fibroblasts, myoblasts Brown-fat cells C/EBPα and PRDM16 (125)

(m) embryonic fibroblasts Myoblasts MyoD (114, 115)

(h) dermal fibroblasts
Multipotent blood

progenitors
Oct4 (126)

(m) cardiac and tail tip fibroblasts Cardiomyocytes Tbx5, Mef2c, Gata4 ± Hand2 (129) (131)

(m) embryonic fibroblasts Cardiomyocytes Oct4, Sox2, Klf4 and cMyc (145)

(m) exocrine cells β-like cells Ngn3, Pdx1 and MafA (132)

(m) embryonic and dermal fibroblasts Hepatocyte-like cells Hnf4α, FoxA1, FoxA2 and FoxA3 (133)

(m) embryonic and tail tip fibroblasts Hepatocyte-like cells Gata4, Hnf1α, Foxa3 and p19Arf KD (134)

(m) embryonic fibroblasts
Neural progenitor

cells
Oct4, Sox2, Klf4 and cMyc (146)

(m/h) fibroblasts
Neural progenitor

cells
Sox2, Klf4, c-Myc,Tcf3 and Brn4 (138)

(h) fibroblasts
Neural progenitor

cells
Oct4, Sox2, Klf4 and Zic3 (139)

(m) embryonic and (h) fetal fibroblasts
Neural progenitor

cells
Sox2 (140)

(m) embryonic and (h) fetal, postnatal and
dermal fibroblasts

Neurons Ascl1, Mytl1, Bm2 and NeuroD1 (135) (136)

(m) tail and (h) embryonic fibroblasts
Dopaminergic

neurons
Ascl1, Lmx1a and Nurr1 (142)

(h) embryonic and fetal lung fibroblasts
Dopaminergic

neurons
Ascl1, Mytl1, Bm2, Lmx1a and FoxA2 (141)

(h) skin fibroblasts
Glutamatergic

neurons
Ascl1, Bm2, Mytl1, Zic1 and Olig2 (144)

(m/h) embryonic fibroblasts Motor neurons
Ascl1, Brn2, Mytl1, Lhx3, Ngn2, Isl1, Hb9 and

NeuroD1 (143)

Table 2. Examples of lineage conversion. (m)= mouse (h) = human
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failed to reprogram myocytes in vivo and mouse embryonic fibroblast in vitro, indicating that
additional factors will be needed to achieve this conversion from unrelated cell types.

More recently, mouse fibroblasts were converted into hepatocyte-like cells by overexpressing
Hnf4α, FoxA1, FoxA2 and FoxA3 [133] or by Gata4, Hnf1α, Foxa3 together with p19Arf

inactivation [134]. The reprogrammed cells were termed induced hepatocytes (iHeps) and had
a gene expression profile and features (albumin production and cytochrome P450 activity),
which closely resemble mature hepatocyte. iHeps in vivo were able to reconstitute hepatic
tissues and to support hepatic function in the fumoaryl-acetate hydrolase (FAH-/-) deficient
mice.

3.3. Conversion into neuronal types

The conversion into neuronal types is, probably, the one that received more attention in the
field of lineage reprogramming. The increasing attention is due to their possible application
for the treatment of diseases involving the nervous system.

In 2010, Vierbuchen et al. [135] were the first to describe how overexpression of Ascl1, Mytl1
and Bm2 (also known as Pou3f2, again a member of Pou family) can convert embryonic and
tail-tip fibroblasts into a mixed populations of induced neurons (iNs). iNs generate functional
synapses with mouse cortical neurons and have action potentials; the detailed electrophysio‐
logical analysis showed that iNs contains mainly cells with features of glutamatergic neurons
(with just a small percentage of GABAergic neurons). Remarkably, the addition of NeuroD1
to the above set of genes was necessary to achieve the same conversion in human cells [136].
The enriched cocktail of factors was able not only convert fibroblasts but also mouse hepatocyte
into iNs [137].

Several groups, differently, converted fibroblasts into induced neural stem cells (iNSCs), that
differently from the previous examples, can still self-renew and differentiate into different
neuronal subtypes (multipotent). Different cocktail of factors and inductive media have been
used to obtain multipotent neuronal stem cells from human and mouse fibroblasts: the group
of Scholer [138] used Sox2, Klf4, c-Myc, together with Tcf3 and Brn4 (also known as Pou3f4);
our group [139] by adding Zic3 to Oct4, Sox2 and Klf4; Ring et al. [140], by just overexpressing
Sox2.

Different laboratories focused on a more direct conversion into specific neuronal subtypes,
with a particular interest on neuronal cell types affected in neurodegenerative diseases. Two
groups have been able to convert mouse and human fibroblasts into induced Dopaminergic
Neurons (iDAs), the subtype affected in Parkinson’s disease. The first laboratory [141]
achieved this by adding FoxA2 and Lmx1a to Ascl1, Mytl1 and Bm2; the second [142] by
overexpressing Ascl1, Lmx1a and Nurr1 (also known as Nr4a2). iDA cells, upon transplanta‐
tion in mice, were capable to integrate into the host neuronal circuitry and express markers
typical for mature dopaminergic neurons.

Lineage conversion was also achieved into spinal motor neurons, the subtypes involved in
amyotrophic lateral sclerosis and spinal muscular atrophy. Conversion into induced Motor
Neurons (iMNs) was achieved for both mouse and human fibroblasts; mouse embryonic
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fibroblasts were converted with Ascl1, Brn2, Mytl1, Lhx3, Ngn2, Isl1 and Hb9 whereas human
cells also required NeuroD1 [143]. iMNs displayed markers, electrophysiological features and
gene expression profile, which strongly resemble motor neurons. Moreover, iMNs engrafted
into the developing chick spinal cord, forming axonal and dentritic projections toward the
adjacent musculature.

Of note, Qiang et al [144] demonstrated that lineage reprogramming is also useful for drug
screening and disease modeling. iNs, again with glutamatergic features, were induced by
overexpressing Ascl1, Bm2, Mytl1 together with Zic1 and Olig2. iNs were produced from both
healthy donors and Alzheimer’s patients. iNs produced from patients displayed the typical
accumulation of beta amyloid peptides (Aβ40 and Aβ42). Combining lineage reprogramming
with gene-targeting technology, similar cells could also be used for autologous transplantation.

Starting cell type Conversion into Factors

(m) Β-Cells
Macrophage-like

cells
C/EBPα or β, PU.1 (121)

(m/h) dermal fibroblasts, myoblasts Brown-fat cells C/EBPα and PRDM16 (125)

(m) embryonic fibroblasts Myoblasts MyoD (114, 115)

(h) dermal fibroblasts
Multipotent blood

progenitors
Oct4 (126)

(m) cardiac and tail tip fibroblasts Cardiomyocytes Tbx5, Mef2c, Gata4 ± Hand2 (129) (131)

(m) embryonic fibroblasts Cardiomyocytes Oct4, Sox2, Klf4 and cMyc (145)

(m) exocrine cells β-like cells Ngn3, Pdx1 and MafA (132)

(m) embryonic and dermal fibroblasts Hepatocyte-like cells Hnf4α, FoxA1, FoxA2 and FoxA3 (133)

(m) embryonic and tail tip fibroblasts Hepatocyte-like cells Gata4, Hnf1α, Foxa3 and p19Arf KD (134)

(m) embryonic fibroblasts
Neural progenitor

cells
Oct4, Sox2, Klf4 and cMyc (146)

(m/h) fibroblasts
Neural progenitor

cells
Sox2, Klf4, c-Myc,Tcf3 and Brn4 (138)

(h) fibroblasts
Neural progenitor

cells
Oct4, Sox2, Klf4 and Zic3 (139)

(m) embryonic and (h) fetal fibroblasts
Neural progenitor

cells
Sox2 (140)

(m) embryonic and (h) fetal, postnatal and
dermal fibroblasts

Neurons Ascl1, Mytl1, Bm2 and NeuroD1 (135) (136)

(m) tail and (h) embryonic fibroblasts
Dopaminergic

neurons
Ascl1, Lmx1a and Nurr1 (142)

(h) embryonic and fetal lung fibroblasts
Dopaminergic
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Ascl1, Mytl1, Bm2, Lmx1a and FoxA2 (141)

(h) skin fibroblasts
Glutamatergic
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Ascl1, Bm2, Mytl1, Zic1 and Olig2 (144)

(m/h) embryonic fibroblasts Motor neurons
Ascl1, Brn2, Mytl1, Lhx3, Ngn2, Isl1, Hb9 and

NeuroD1 (143)

Table 2. Examples of lineage conversion. (m)= mouse (h) = human
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3.4. Direct versus indirect strategy

Most of the examples, given in the previous section, describe the direct conversion from one
cell type to another, in which the reprogramming is achieved without any intermediate state.
However, other reports clearly demonstrated the possibility to achieve similar results, by using
an alternative strategy, in which lineage conversion is indirect. Indirect conversion is achieved
passing through a limited de-differentiation state by overexpressing Yamanaka factors for a
shorter time. Like for the direct conversion, the indirect conversion is strongly dependent on
the specific culture medium (growth factors and cytokines) given during the reprogramming
phase.

The laboratory of Sheng Ding, at the Gladstone Institute of San Francisco, was the first to
describe the possibility of lineage reprogramming through an indirect strategy. Short temporal
overexpression of the Yamanaka factors induced a partial dedifferentiatied state, that allowed
the subsequent conversion into cardiomyocytes-like cells by applying extracellular factors
[145]. OSKM factors were overexpressed for six days in a medium free of signals necessary for
pluripotency (i.e. leukemia inhibitory factor). After this short priming phase, cells were then
cultured in media promoting cardiogenesis, i.e. cointaining BMP4. Three day after the cardiac
induction, the expression of Nkx2.5, Gata4 and Flk1 (mid-stage markers of cardiac develop‐
ments) could be detected. The further development into more mature cardiomyocytes,
showing sarcomeric structures and cardiac features (expression of cardiac markers and cell-
cell interaction) required at least two more days.

Interestingly, the authors also demonstrated that this indirect lineage conversion does not pass
through a pluripotency-state, i.e. ESC/iPSC culture media in the induction phase drastically
decrease the efficiency of conversion; vice versa, the addiction of a Jak inhibitor (which blocks
the most important pluripotency-pathway) increased the efficiency of the process. The same
group also demonstrated that a similar strategy induced expandable Neural Progenitor Cells
(NPCs), having multipotent potential [146].

Both direct and indirect lineage conversions have pros and cons. The direct conversion, as in
case of SCNT or cell fusions, occurs in hours-days. Induced cells are unipotent, are produced
with a high efficiency, without the requirement of cell proliferation and with a lower risk for
teratoma. The indirect strategy requires days-weeks and produces cells, which can be unipo‐
tent or multipotent. Cells induced by this strategy can be expanded but have a moderate risk
for teratoma.

3.5. Mechanisms, differences with iPSC technology and unsolved questions

Reprogramming to the pluripotency-state occurs via a gradual and genome-wide de-differ‐
entiation, involving a first phase where epigenetic marks of differentiation are erased and a
second phase in which the epigenetic marks of pluripotency are established to initiate the
endogenous pluripotency-network. In lineage conversion, specific TFs are able to modulate
cell fate in two different ways (direct or indirect), which does not involve a pluripotent-state
and is associated with a lower tumor risk, still a major obstacle to achieve clinical applications
with ESCs and iPSCs. In the direct conversion, ectopic TFs, involved in cell fate determination
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or maintenance during embryonic development, overcome the pre-existing epigenetic marks
and generate a new state. In the indirect conversion, the TFs, which allow the reprogramming
to the pluripotency-state, are temporally overerexpressed together with fate-specific signals
to convert original cell type into a new state. Differently than iPSC technology, the efficiencies
are much higher (even 20 % in some cases) and the kinetics of conversion are rapid (a few day
to a week maximum, and not two weeks to a month, like for iPSC, see Table 3).

Strategy Efficiency Kinetic Potentiality Expandibility Tumorigenicity Cell Proliferation

iPSC Low Weeks-Months Pluripotent Yes High Required

Direct conversion High Hours-Days Unipotent No Low Not required

Indirect conversion High Days-Weeks Multi/Unipotent Yes Moderate Required

Table 3. Comparison of different strategy of TF-based Reprogramming

As for iPSCs, many questions still remain unsolved in lineage conversion. It is not clear whether
the new cell type, generated upon conversion, is a hybrid between the original and the new
cell. It is intriguing that, in direct conversion, TFs erase partially or completely the previous
epigenetic marks, without cell divisions (in which chromatin marks are lost) but it is totally
unknown how this is possible. Remarkably, in both iPSCs and lineage conversion, efficiencies
are lower with human cells, if compared with mouse. It is unknown whether this is due to the
intrinsic karyotypic instability of mouse cells in culture or to molecular mechanisms.

4. Culture mediated reprogramming

Reprogramming to the pluripotency-state and lineage conversion are achieved through the
forced expression of TFs. However, in the last decade, several reports have highlighted how
culture medium per se can be responsible for (partial) reprogramming. Moreover, there is an
increasing amout of evidences showing that small molecules, including epigenetic modifiers
and signaling pathway inhibitors, enhance the efficiency and kinetics of reprogramming.

Epiblast stem cells (EpiSCs) are isolated from post-implantation embryos between E5.5-E7.5.
EpiSCs are the post-implantation equivalent of ESCs; they still express Oct4, Nanog and Sox2
but express lower levels of Stella and Rex1 [147]. ESCs and EpiSCs have also different culture
requirements and features. While ESC selfrenewal is LIF dependent, EpiSC proliferation
requires bFGF and Activin signaling. EpiSC female lines, but not ESC lines, have one of the X
chromosome inactive. Importantly, EpiSCs, differently from ESCs, do not have the ability to
contribute to chimeras in vivo, when aggregated into recipient morula/blastocysts.

In 2009, Bao et al. [148] demonstrated that established EpiSC lines could de-differentiate/
revert into an ESC-like state by culturing EpiSCs in ESC medium (cointaining LIF) for 2-5
weeks. Once ’reverted’ cells lost all the features of the original EpiSCs and acquired all ESC-
characteristics ( X was reactivated, growth was LIF-dependent and cells were capable to
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cell interaction) required at least two more days.

Interestingly, the authors also demonstrated that this indirect lineage conversion does not pass
through a pluripotency-state, i.e. ESC/iPSC culture media in the induction phase drastically
decrease the efficiency of conversion; vice versa, the addiction of a Jak inhibitor (which blocks
the most important pluripotency-pathway) increased the efficiency of the process. The same
group also demonstrated that a similar strategy induced expandable Neural Progenitor Cells
(NPCs), having multipotent potential [146].

Both direct and indirect lineage conversions have pros and cons. The direct conversion, as in
case of SCNT or cell fusions, occurs in hours-days. Induced cells are unipotent, are produced
with a high efficiency, without the requirement of cell proliferation and with a lower risk for
teratoma. The indirect strategy requires days-weeks and produces cells, which can be unipo‐
tent or multipotent. Cells induced by this strategy can be expanded but have a moderate risk
for teratoma.

3.5. Mechanisms, differences with iPSC technology and unsolved questions

Reprogramming to the pluripotency-state occurs via a gradual and genome-wide de-differ‐
entiation, involving a first phase where epigenetic marks of differentiation are erased and a
second phase in which the epigenetic marks of pluripotency are established to initiate the
endogenous pluripotency-network. In lineage conversion, specific TFs are able to modulate
cell fate in two different ways (direct or indirect), which does not involve a pluripotent-state
and is associated with a lower tumor risk, still a major obstacle to achieve clinical applications
with ESCs and iPSCs. In the direct conversion, ectopic TFs, involved in cell fate determination
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and generate a new state. In the indirect conversion, the TFs, which allow the reprogramming
to the pluripotency-state, are temporally overerexpressed together with fate-specific signals
to convert original cell type into a new state. Differently than iPSC technology, the efficiencies
are much higher (even 20 % in some cases) and the kinetics of conversion are rapid (a few day
to a week maximum, and not two weeks to a month, like for iPSC, see Table 3).
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iPSC Low Weeks-Months Pluripotent Yes High Required

Direct conversion High Hours-Days Unipotent No Low Not required

Indirect conversion High Days-Weeks Multi/Unipotent Yes Moderate Required

Table 3. Comparison of different strategy of TF-based Reprogramming

As for iPSCs, many questions still remain unsolved in lineage conversion. It is not clear whether
the new cell type, generated upon conversion, is a hybrid between the original and the new
cell. It is intriguing that, in direct conversion, TFs erase partially or completely the previous
epigenetic marks, without cell divisions (in which chromatin marks are lost) but it is totally
unknown how this is possible. Remarkably, in both iPSCs and lineage conversion, efficiencies
are lower with human cells, if compared with mouse. It is unknown whether this is due to the
intrinsic karyotypic instability of mouse cells in culture or to molecular mechanisms.

4. Culture mediated reprogramming

Reprogramming to the pluripotency-state and lineage conversion are achieved through the
forced expression of TFs. However, in the last decade, several reports have highlighted how
culture medium per se can be responsible for (partial) reprogramming. Moreover, there is an
increasing amout of evidences showing that small molecules, including epigenetic modifiers
and signaling pathway inhibitors, enhance the efficiency and kinetics of reprogramming.

Epiblast stem cells (EpiSCs) are isolated from post-implantation embryos between E5.5-E7.5.
EpiSCs are the post-implantation equivalent of ESCs; they still express Oct4, Nanog and Sox2
but express lower levels of Stella and Rex1 [147]. ESCs and EpiSCs have also different culture
requirements and features. While ESC selfrenewal is LIF dependent, EpiSC proliferation
requires bFGF and Activin signaling. EpiSC female lines, but not ESC lines, have one of the X
chromosome inactive. Importantly, EpiSCs, differently from ESCs, do not have the ability to
contribute to chimeras in vivo, when aggregated into recipient morula/blastocysts.

In 2009, Bao et al. [148] demonstrated that established EpiSC lines could de-differentiate/
revert into an ESC-like state by culturing EpiSCs in ESC medium (cointaining LIF) for 2-5
weeks. Once ’reverted’ cells lost all the features of the original EpiSCs and acquired all ESC-
characteristics ( X was reactivated, growth was LIF-dependent and cells were capable to
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contribute to chimeras). This report showed that the simple manipulation of culture medium
can  dedifferentiate  EpiSCs  to  a  more  primitive  ESC-state  but  this  is  not  the  only  case
reported in literature.

In  2004,  Kanatsu-Shinohara et  al.  [149]  descibed that  mouse germline  stem cells  (GSCs)
isolated from neonatal testis reverted occasionally into cells with ESC-like colonies morphol‐
ogy within  4-7  weeks  if  cultured in  LIF,  epidermal  growth factor  (EGF),  glial  cell  line-
derived neurotrophic factor (GDNF) and fibroblast growth factor 2 (FGF2).  The reverted
cells were named multipotent germ stem cells (mGSs); they expressed not only Oct4 (already
present in GSCs) but also Nanog and Sox2 at ESC-level. Analysis on mGSs showed the loss
of spermatogonial properties (although the erasure of the androgenic imprinting was not
complete) and the gain of ESC features (teratoma formation and contribution to chimeras
with germline transmission). However, despite their siimilarity to ESCs, mGSs were not able
to form offspring, after tetraploid complementation. Unipotent germline stem cells, but this
time from adult testis, were converted into germline-derived pluripotent stem cells (gPSs)
by Ko and colleagues [150]. Reprogrammed cells, like in the above case, were higly similar
to ESCs but again, they could not form live animals in tetraploid complementation assay.
The reason for this is most likely the residual persistence of androgenetic imprinting. The
possibility to reprogram a germline stem cell  into a  cell  with pluripotent  features,  even
without  the  capacity  of  forming  chimeric  animal,  is  interesting  because  it  might  allow
autologous cell therapy without embryo-manipulation. Similar conversions with mouse cells
were also described by other laboratories [151, 152].

In 2008, Conrad and colleagues [153], showed that cells derived from human testis can be
converted into cells with human ESC-like features. Cells isolated from human testis were
cultured in GDNF-containing medium for 4 days and then selected based on the expression
of CD49f and further selection on laminin matrix in medium cointaining LIF. 3-4 weeks later
colonies with ESC-morphology appeared; human adult GSCs (haGSCs), like human ESCs,
expressed SSEA4, TRA 1-60, TRA 1-81 and generated EBs and teratomas. However, a later
report [154] questioned the previous finding of Conrad, arguing whether haGSCs really
expressed Oct4, Nanog and Sox2; moreover, microarray data comparison further showed that
haGSCs are similar to fibroblasts-derived from human testic biopsies but not to hESCs.

These studies strongly suggest that stem/progenitor cells derived from testis can to some
extent be converted, by long-term culture, to cells with ESC-like properties, without any
reprogramming  factors;  however,  converted  cells  differ  significantly  from  ESCs.  The
propensity of GSCs to be converted to ESC-like cells may depend on their Oct4 expres‐
sion.  Although gonads are the only place where Oct4 is  functionally expressed in adult
healthy-rodents  [127],  many  reports  described  the  isolation  of  Oct4+  cells  from  rodents
[155-169].  It  remains  to  be  determined  whether  culture  mediated  reprogramming  is
responsible for the Oct4 re-activation in such cell lines.

In 2002, our group [170] isolated multipotent adult progenitor cells (MAPCs) from rodent bone
marrow (BM), upon prolonged culture at low density in a medium cointaining LIF, PDGF and
EGF. Murine MAPCs differentiated in vitro into cells of the three germ layers and one murine
line was also able to contribute to chimeric mice, although at low efficiency and without
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germline trasmission. Subsequently analysis on rodent MAPC lines [171, 172] showed a lineage
marker profile (Oct4, Gata4, Gata6, Sox7 and SSEA1) found also in the nascent hypoblast of
the blastocyst and in rat blastocyst-derived Extraembryonic Endoderm Precursor cells (XEN-
Ps) [173]. Recently, we demonstrated that similar cells are not present in fresh BM but appear
after prolonged in vitro culture. To ascertain whether the MAPC culture system reprograms
BM cells to the equivalent of XEN-P, we, first, showed that rMAPC and XEN-P cells exhibit
similar features under reciprocal culture conditions. Second, we reported, using the same
MAPC medium, the quick and efficient isolation of new cell lines directly from blastocyst,
which we termed Hypoblast Stem Cells (HypoSCs) and which strongly resemble XEN-P in
features and developmental potential [174].

Moreover, specific culture media may also be responsible for the broader differentiation
potential described for some adult stem cell types [175] and this should be more considered
in stem cell research, especially when reaching clinical trials phases [176].

4.1. Small molecules in stem cells and reprogramming

Small molecules are acquiring, on a daily basis, more relevance in the stem cell field because
they can control protein functions selectively, reversibly and in a tunable way. Strikingly many
reports have also shown how pathway inhibitors and epigenetic modifiers play a crucial role
in the reprogramming process [177]. In 2010, the group of Ding reported that human primary
somatic cells can be reprogrammed into human iPSCs with only Oct4 and a cocktail of small
molecules [178].

4.1.1. Signaling modulators

Mouse (m)ESCs were first isolated more then three decades ago [179, 180]. mESCs have been
derived and cultured in LIF and bone morphogenetic protein (BMP, contained in the serum)
to inhibit their differentiation [181]. However, the efficiency of mESCs derivation was low in
general and almost not possible from some mouse strains (like C57BL/6). More recently, several
reports have now demonstrated that mESC culture in MEF or feeder-free are heterogeneous
and fluctuates between a pre-implantation ESC and a post-implantation EpiSC-state [182, 183].

Ying and colleagues [184] demonstrated that mESCs can be maintained in an homogenous
ground-state without the requirements of external stimuli, provided by growth factors and/or
feeders. This achievement was possible by using two signaling modulators that regulate
pathways involved in mESC differentiation: PD0325901, which blocks the differentiation-
inducing signalling from mitogen-activated protein kinase (MEK), inhibiting the phosphory‐
lation of ERK1/2; and CHIR99021, which inhibits the glycogen synthase kinase 3 (GSK3) and
decreases the phosphorylation of β-Catenin, supporting their growth and further suppressing
residual differentiation. The isolation of mESCs, with the two inhibitors (2i), together with LIF,
allows now the efficient derivation of ESCs regardless of the mouse strain as well as from rat
for the first time [185]. ESC lines cultured in 2i and LIF can be clonally propagated without
feeders and support superior chimerism and germline transmission. The two inhibitors have
also been used to increase the efficiency of iPSCs generation [178].
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Mesenchymal-to-epithelial transition (MET) is a reversible process which drives cells from a
multipolar, spindle and motile mesenchymal shape to a planar and polarized epithelial shape.
MET is an important process during embryo development but also in reprogramming; i.e.
fibroblasts change shape towards an epithelial morphology at the early stage of iPSC genera‐
tion. TGFβ pathway negatively regulates an epithelial phenotype. The block of TGFβ1-2-3
receptors, using SB431542, in combination with PD0325901, enhances both the kinetics and the
efficiency of reprogramming, during iPSC generation [186].

Cellular senescence is a pathway that negatively interferes with reprogramming. Expres‐
sion of OSKM increases oxidative stress and DNA damage, inducing senescence. Vitamin C
(or ascorbic acid),  is an important cofactor for metabolic processes but also has a strong
antioxidant  effect;  i.e.  Vitamin  C  reduces  reactive  oxidandant  species  (ROS).  In  iPSC
reprogramming, Vitamin C enhances the conversion from a partial reprogrammed to a fully
reprogrammed-state [187], capable of forming completely iPSC-derived mice in tetraploid
complementation assay [188].

Stem cells have a different metabolism if compared to differentiated cells [189]. Stem cells
have a strong energetic and metabolic demand to meet their self-renewal and to do this,
they  mainly  rely  on  glycolysis  followed  by  fermentation  of  lactic  acid  in  the  cytosol.
Differently, differentiated cells mainly rely on a low rate of glycolysis followed by oxida‐
tion of pyruvate in the mitochondria, which results in the production of ROS. Consistent
with this, PS48, an activator of 3-phosphoinositide dependent protein kinase-1 (PDK1) that
activates the PI3/Akt pathway, results in the upregulation of glycolytic genes and strongly
facilitates iPSC reprogramming [178].

4.1.2. Epigenetic modifiers

The structure of eukaryotic genome is higly organized; genomic DNA is wrapped around
structural proteines, called histones. DNA and histones, together, form the chromatin. Protein
complexes are responsible for chromatin modifications. Histones then determine the tran‐
scriptional status; i.e. in an open and closed form. In somatic cells, chromatin is mainly in a
closed conformation, while in pluripotent cells, chromatin is in an open conformation and it
is dynamically associated with chromatin proteins. Obviously, during iPSC generation, the
chromatin must change from a somatic to a pluripotent state. Therefore, many small molecules,
which modulates chromatin have been described to enhance the efficiency of reprogramming
and even to substitute for some of the reprogramming factors.

Pluripotent stem cells have, in general, a more demethylated DNA, in comparison with somatic
cells; in fact, 5-azacytidine [5-aza) and RG108, two inhibitors of DNA methyltransferases
(DNMTs), are responsible of DNA methylation and methylation maintanance, increases
efficiency of reprogramming [190, 191].

G9a is an histone methyltransferase (HMTase), which induce silencing of Oct4, through
methylation of H3K9. BIX-01294, an inhibitor of G9a, enhances reprogramming [192]. Recently,
parnate, an inhibitor of LSD1, a H3K4 demethylase, was used to reprogram human somatic
cells with only Oct4 and Klf4 [193].
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Similarly, Trichostatin A [137], suberoylanilide hydroxamic acid [71] and valproic acid (VPA),
inhibitors of histone deacetylases (HDACs) also increases efficiencies of reprogramming, even
with only Oct4 and Sox2 overexpression. [190, 194].

Small molecules Category Effect on

PD0325901 Signaling modulators MEK inhibitor

CHIR99021 Signaling modulators WNT/β-Catenin

SB431542 Signaling modulators MET

Vitamin C Signaling modulators Cellular Senescence

PS48 Signaling modulators Glycolysis

5-aza, RG108 Epigenetic modifiers DNMT inhibitor

BIX-01294 Epigenetic modifiers HMTase inhibitor

Parnate Epigenetic modifiers LSD1 inhibitor

TSA, SAHA, VPA Epigenetic modifiers HDAC inhibitor

Table 4. Small molecules in reprogramming

5. Conclusions

The importance and the impact on society of reprogramming has been recently recognised by
the Nobel Assembly at the Karolinka Institute of Stockholm, which co-awarded John Gurdon
and Shiniya Yamanaka with the Nobel Price in Medicine 2012. Their outstanding reports
demonstrated that cellular fate is plastic and that differentiation is a reversible process.
Epigenetic markers imposed by development can be erased through the multiple pathways to
reprogramming. This means the epigenetic landscape as described by Waddington should be
revised, as balls are capable of rolling back up and over the hill. The SCNT and the forced
expression of TFs show that somatic cells can re-acquire all the features, lost upon their
differentiation. Adult somatic cells can be redirected to the pluripotency-state or can be
converted into cells of another lineage.

Although the precise mechanism via which the phenotype of all these cells can be changed
remains to be fully elucidated, the iPSC technology is drastically changing and boosting the
stem cell field; it allows one to obtain pluripotent stem cells for autologous therapy, avoiding
the problems of immune rejection as well as the ethical issues related to the use of human
embryo for scientific purposes. The possibility to also obtain precursors, with restricted
differentiation potential, may be another alternative to reach the bedside, as it is likely
associated with lower tumorigenicity. It is also clear that culture conditions have such a
significant effect on cell fate, not only during reprogramming but also in establishing the
potential of different adult stem cells, that this should be kept in mind when comparing studies
across laboratories, and definitely when contemplating clinical trials with cultured stem cells.
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1. Introduction

Induced pluripotent stem (iPS) cells are somatic cells which have been imbued with pluripo‐
tent differentiation potential through some form of artificial treatment. On a general level,
these treatments involve modifications in the expression of keystone genes associated with
pluripotency in embryonic stem cells (ESCs) or their downstream expression products. Despite
the conceptual simplicity of iPS cell technology, the 2006 development of the first iPS cell line
by Yamanaka and Takahashi [1] has led to an exponential increase in the volume of pluripo‐
tency research and a new perspective from which to approach regenerative medicine.

iPS cells are a potential alternative to ESCs in therapeutic contexts, retaining the regenerative
potential of ESCs inherent in pluripotent phenotypes, while bypassing some of the risks
associated with ESC transplants. A number of studies have demonstrated that iPS cells and
ESCs have effectively indistinguishable pluripotent capability, implying that iPS cells maintain
the same therapeutic potential long associated with natural ESCs. However, unlike ESCs, iPS
cells do not carry a risk of immunorejection due to their patient specific nature, and are not
affected by the same ethical concerns as ESCs. As such, iPS cells may actually be preferable to
ESCs in some therapeutic contexts due to reduced risk factors for the patient.

Since Yamanaka’s hallmark 2006 paper and methodology, numerous iPS cell generation
technologies have been developed. Most methods rely upon epigenetic expression of genes
determined to be pluripotency regulators. Expression is most commonly induced through viral
integration into the host genome, though other episomal methods do exist. Non-genetic
induced pluripotency methods generally utilize the downstream expression products of the
same keystone genes to generate the same effect as epigenetic expression, without requiring
the host to transcribe and generate the products independently.

© 2013 Kimmel and Sugaya; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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iPS cells promise a new paradigm in regenerative medicine. Developing iPS technologies have
the potential to generate patient specific stem cells, for use in generating any target phenotype
within the human body for transplant. In the research context as well, iPS cells have the
potential to greatly advance existing disease models. Patient specific iPS cells could be used
to create individualized disease models, potentially allowing for more specialized treatment
of patients. Here, we discuss a number of the technologies in development seeking to fulfill
these promises, as well as their potential applications in both therapeutic and research settings.

2. Canonical methodology

The seminal event in the development of iPS technology, Yamanaka and Takahashi’s 2006
publication demonstrated for the first time that the pluripotent phenotype could be induced
in somatic cells and was not exclusive to ESCs. In their initial approach, Yamanaka et al.
screened 24 genes as potential candidates to induce pluripotency in mouse embryonic
fibroblasts (MEFs). The candidate genes were chosen for their perceived roles in regulating
pluripotencty in ESC cultures. From the initial candidates, four genes were eventually
identified to be necessary for induction of pluripotency, each shown to play a role in ESC
pluripotency regulation: Sox2 [2], Oct4 [3], Klf4, and Myc-c [4], often abbreviated as SOKM.
MEF cultures were transduced using four pMXs-based retroviral vectors, each containing one
of the target transcription factors. MEFs transduced with these factors formed colonies
exhibiting ESC morphology and the pluripotent phenotype, as demonstrated by their differ‐
entiation ability and teratoma formation in vivo.

Groundbreaking as it was, this initial iPS technology had multiple issues preventing imme‐
diate use in downstream applications. Despite its effectiveness, the early SOKM method had
a decidedly low efficacy [1, 5], inhibiting generation of large scale iPS cultures for use in
potential clinical applications or in the laboratory. The viral integration method also presented
challenges, as genome integration could lead to random gene reactivation within the iPS
culture, potentially causing deleterious effects. Myc-c itself acts as a protooncogene, which led
to tumorogenesis in 50% of mice chimeric mice derived using the SOKM method [6]. Com‐
pounded with the risk for random gene reactivation, the use of Myc-c could lead to tumoro‐
genesis in potential patients.

3. Improved epigenetic methods

In the interim since the development of the initial induction methodology, many improve‐
ments and variations on the technology have been made. Most of these improved methods
utilize a similar epigenetic pathway to that of the original study, relying upon the host culture
to express downstream products which induce the pluripotent phenotype. We discuss in brief
some of these improved epigenetic methods, their potential niche applications, and their
delivery vectors.

Pluripotent Stem Cells264

3.1. Sox2, Oct4, Lin28, Nanog

Yu et. al. demonstrated in 2007 that iPS cells could be generated from pre-natal and post-natal
fibroblasts without transduction of the protooncogene Myc-c, using a combination of Sox2,
Oct4, Lin28, and Nanog (SOLN). Factors were selected based on their high expression in ESCs,
in comparison to myeloid progenitors. Removal of Myc-c from the gene cocktail eliminated
the risk of transcription factor induced tumorogenesis, overcoming one of the fundamental
issues with Yamanaka and Takahashi’s initial methodology. Additionally, Yu et. al. recognized
the potential usefulness of Nanog in iPS technologies, noting that it could lead to an increased
recovery rate for iPS cell clones generated using the SOLN method. This is potentially due to
Nanog’s action upstream of Oct4 and Sox2. Lin28 did not integrate in one iPS clone from each
of the two cell lines tested, suggesting that while Lin28 may improve efficacy, it is not necessary
for reprogramming [7].

3.2. iPS-S: Sox2, Oct4, Lin28, Nanog, Klf4, Myc-c

Combining the SOLN and SOKM transcription factor cocktails, Liao et al demonstrated in 2008
that the efficacy of transfection could be improved by using all 6 previously demonstrated
transcription factors in a single transduction and deemed their method iPS-S. Combination of
the 6 factors was attempted based on empirical speculation, and proved successful. Trans‐
duced colonies also developed more rapidly, within 17 days post-transduction, as opposed to
26 days using the standard SOLN factors. The iPS-S method also increased efficacy roughly
10 fold, which combined with the more rapid development of iPS colonies, partially addressed
the inefficiency issues with the canonical iPS technology [8]. As with other transcription factor
combinations utilizing Myc-c, the iPS-S method carries with it a risk of tumorogenesis due to
random transgene reactivation, inhibiting the use of iPS-S in some applications.

3.3. Combined epigentic, small-compound, and endogenous expression approaches

One of the first approaches to reduce the number of factors required, it was demonstrated that
treatment with the epigenetic small compound BIX-01294 could substitute transduction of
Sox2 or Oct4, using the traditional SOKM combination, in neural progenitor cells (NPCs) [5].
The study was notable for multiple reasons, both the use of chemical conditions to remove
transcription factors, and the reliance upon endogenous gene expression in the target somatic
cell line. While reliance upon Sox2 expression in NPCs ultimately limits the applicability of
the BIX-OKM combination, it set a precedent for use of endogenous gene expressions to reduce
the number of necessary transcription factors in certain cell lines, potentially allowing for safer,
more efficient iPS generation in specific contexts. This concept was further explored by Kim
et. al., who demonstrated that Oct4 alone was capable of inducing pluripotency in neural stem
cells (NSCs) due to their endogenous expression of Sox2, Myc-c, and Klf4 [9].

Shi et al. improved upon their original small compound approach, eliminating the need for
Myc-c transfection and endogenous Sox2 expression. BIX-01294 and non-genetic calcium
channel agonist BayK8644 were identified via a phenotypic compound screen of known drugs,
and combined with the transduction of Oct4 and Klf4 (OK), were able to induce pluripotency
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in MEFs. The elimination of multiple transcription factors suggests that it may be possible to
further replicate the effects of epigenetic transduction using chemical conditions, reducing the
risk for random gene reactivation and potentially allowing for more controlled iPS generation
temporality [10].

Year Group Vector Transcription Factors

2006 Yamanaka et. al. Retroviral Sox2, Oct4, Klf4, Myc-c

2007 Yu et. al. Lentiviral Sox2, Oct4, LIN28, Nanog

2008 Shi et. al. Retroviral, small-compound * Oct4, Klf4, Myc-c, small-compound BIX-01294

2008 Shi et. al. Retroviral, small-compound Oct4, Klf4, small-compounds BIX-01294, BayK8644

2008 Liao et. al. Lentiviral Sox2, Oct4, Klf4, Myc-c, Lin28, Nanog

2008 Okita et. al. Plasmid Sox2, Oct4, Klf4, Myc-c

2009 Kim et. al. Retroviral * Oct4

2009 Fusaki et. al. Sendai virus Sox2, Oct4, Klf4, Myc-c

2010 Sugaya et. al. Retroviral, plasmid Nanog

Table 1. Epigenetic methods covered in this section: year of publication, vectors used, and required transcription
factors. * Reliant upon endogenous expression of certain somatic cell phenotypes.

3.4. Nanog

While the majority of epigenetic approaches rely upon multiple transcription factors, chemical
conditions, or endogenous expression, we patented technology capable of generating iPS cells
through transfection of Nanog alone in 2006 [11]. Nanog is capable of inducing pluripotency
without the aid of other factors due to its role upstream of Oct4 and Sox2. We demonstrated
this interaction in bone marrow derived mesenchymal stem cells (MSCs), in which Nanog
transfection successfully increased Sox2 and Oct4 levels [12]. Nanog has been demonstrated
to induce pluripotency when delivered through lentiviral or plasmid vectors, providing both
integrated and episomal gene expressions pathways.

Eliminating the need for multiple transcription factors has various benefits. As with other
modified gene cocktails, the elimination of Myc-c greatly reduces the risk of tumorogenesis.
Transfection of a single genetic factor may have higher efficacy than that of multiple factors
and could lead to a lower overall cost per iPS cell generated. The improved efficiency and
reduced cost of this method could allow for more rapid production of iPS cells for use in
therapeutic treatments at a lower eventual cost to the patient.

3.5. Retroviral vectors

Beginning with the seminal paper by Yamanaka and Takahashi, the majority of improved
epigenetic methods have utilized retroviral vectors to deliver their target transcription factors.
In the context of induced pluripotency, retroviral vectors provide a number of distinct
advantages, leading to their widespread use. Due to integration with the host genome,
retroviral vectors are capable of generating stable iPS clones that maintain their phenotype
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over time, unlike some episomal vectors. Retroviral technologies are very mature, allowing
for rapid development of vectors and efficient production of vectors in the laboratory. While
standard retroviral vectors are only capable of infecting dividing cells, the lentiviral subclass
of retroviruses are indeed capable of infecting non-dividing cells, an important consideration
when infecting cell types that divide rarely, such as neurons. A combination of these attributes
makes retroviral vectors a highly functional candidate for iPS cell induction.

However, retroviral vectors and the lentiviral sub-class also have certain inherent risk factors.
Most prominently, viral integration into the host genome can cause random gene reactivation,
as discussed in section 2. Using the original SOKM transcription factors, this risk is exaggerated
due to the protooncogenetic nature of Myc-c. Although various epigenetic methods have
eliminated the necessity of Myc-c, random gene reactivation may still lead to tumorogenesis
and deleterious effects in potential transplant patients. As a case study, an FDA clinical trial
involving the retroviral transduction of non-protooncogenes led to the development of
lymphoma in two patients [13]. Residual expression of transgenes may also lead to phenotypic
expression differences between iPS cells and ESCs, leading to a less accurate model of human
ESCs for research use or some clinical applications [7, 14]. To reduce the risk of random
transgene reactivation and minimize remnant transgene expression, transgenes can be excised
using a Cre/Lox system, as demonstrated by multiple groups [12, 14].

3.6. Plasmid vectors

Episomal factors, by definition, allow for the introduction of genetic factors without integration
into the host genome. A lack of host genome integration inherently removes the risk of random
transgene reactivation associated with viral vectors, but presents functional challenges in some
contexts. The most common type of episomal vector in the context of iPS technology is the
plasmid, a DNA library separate from the host’s nucleic genome, first confirmed as a viable
reprogramming vector using the original SOKM factors [15]. The plasmid method has several
advantages, both in the laboratory and in downstream applications. Plasmids are a well-
developed technology, are very easy to generate in great quantity in the laboratory, and have
a relatively low cost-of-use compared to comparable viral vectors. For these reasons, plasmids
are the favored vector in Yamanaka’s laboratory [16].

The most prominent advantage of plasmids is the lack of integration inherent in episomal
vectors. Although there is a potential for spontaneous integration of transgenes during the
reprogramming process, iPS clones generated from plasmid vectors can be screened to select
only integration-free clones [17]. As such, plasmid vectors are unaffected by issues related to
transgene integration, such as residual transgene expression and random transgene reactiva‐
tion. Although these advantages make plasmids a desirable vector for reprogramming, their
efficacy remains well below that of viral integration, limiting the potential for large scale iPS
cell generation using plasmids [18]. This reduced efficacy could potentially be due to the
temporary nature of plasmids, and the speculated ongoing nature of the reprogramming
process [18]; transcription factor expression may be reduced before the iPS reprogramming
process is complete, altering the stoichiometric balance of factors and ending reprogramming
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ESCs for research use or some clinical applications [7, 14]. To reduce the risk of random
transgene reactivation and minimize remnant transgene expression, transgenes can be excised
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developed technology, are very easy to generate in great quantity in the laboratory, and have
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The most prominent advantage of plasmids is the lack of integration inherent in episomal
vectors. Although there is a potential for spontaneous integration of transgenes during the
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only integration-free clones [17]. As such, plasmid vectors are unaffected by issues related to
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efficacy remains well below that of viral integration, limiting the potential for large scale iPS
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in cells that may have otherwise formed colonies. Depending upon the chosen transcription
factor combination and somatic cell phenotype, plasmid transduction may also require
multiple transfections to effectively reprogram cells, increasing the difficulty and labor-
intensiveness of the technique.

3.7. Sendai virus

Sendai virus is widely known to replicate in the cytoplasm of host cells without integrating
into the host genome. As such, it has been widely studied as an efficient expression vector and
is known to effectively express transgene without integration [19-21]. Fusaki et. al. have
demonstrated that a sendai virus vector carrying the four SOKM factors is sufficient to
successfully generate iPS colonies [22]. Sendai virus reprogramming was shown to be as or
more effective than traditional retroviral reprogramming, with a ~1% efficacy. Even though
sendai viruses do not integrate into the genome, the persistence of a viral genome within iPS
clones remains a concern for downstream applications. However, Fusaki et. al. were able to
isolate clones that had no remnant presence of viral genomes. As such, the sendai viral vector
is very attractive for use in downstream clinical applications. In the laboratory, sendai viral
vectors leave something to be desired. Pluripotent gene expression of sendai induced iPS cells
has been shown to degrade over the course of 18-20 passages, making long term iPS clone
maintenance difficult.

4. Non-genetic reprograming methods

Complimenting research into genetic induction of pluripotency, a number of avenues into non-
genetic iPS generation have been studied. Although non-integration epigenetic methods have
been developed, many are inefficient, and cannot completely eliminate the possibility of

Vector Advantages Disadvantages

Retroviral Genome integration allows single transduction iPS

clone generation, well-developed technology,

relatively efficient transduction rates

Genome integration may lead to random gene

reactivation, cannot infect non-dividing cells,

residual transgene expression concerns, can

potentially induce immunogenicity

Lentiviral Genome integration allows single transduction iPS

clone generation, well-developed technology,

relatively efficient transduction rates

Genome integration may lead to random gene

reactivation, residual transgene expression

concerns

Plasmid Produces integration-free iPS clones, relatively low

cost, volume production is easily scalable

Lower efficacy than viral integration methods,

clones must be screened to check for integration

Sendai Virus Produces integration-free iPS clones, relatively

high efficacy

Pluripotent gene expression degrades over the

course of 18-20 passages, clones must be screened

for viral genome remnants

Table 2. Comparison of different epigenetic vector technologies
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genome alteration. Non-genetic induction removes the risk of genetic factor reactivation and
consequent genetic modification inherent with these epigenetic methods. To circumvent
genetic transfection, technologies have been developed which utilize downstream RNA and
protein phases of the desired genetic factors to induce expression.

4.1. mRNA transduction

Warren et. al. have demonstrated that modified mRNAs transcribing for the four SOKM factor
proteins are capable of reprogramming when passed into the cytosol of various human cell
types with a catatonic delivery vehicle [23]. Initially, cytotoxicity of transfected mRNAs
inhibited effective reprogramming, requiring modifications to the mRNA. In a novel approach,
Warren et. al. modified the ribonucleotide bases of vector mRNAs by substituting 5-methyl‐
cytidine for cytidine and pseudouridine for uridine, reducing the immunogenicity of the
mRNAs [24]. Combined with interferon inhibitor media supplements, the modifications
allowed for generation of viable iPS clones.

mRNA induced pluripotent stem (RiPS) cell generation is highly efficient relative to other
technologies, with an efficacy of 1.34% in Warren’s initial study. However, the modified
mRNAs are difficult to generate in the laboratory and the techniques are labor-intensive.
Repeated mRNA administrations are also required, increasing the labor-intensive nature of
the technique and complicating volume production of RiPS clones.

4.2. Protein transduction

Multiple groups have also demonstrated reprogramming utilizing the protein products of the
SOKM factors [25, 26]. In order for the target proteins to pass through a lipid bilayer, both
groups attached each target protein to a cell penetrating peptide (CPP). At this stage, cells are
treated with CPP-conjugated proteins multiple times to ensure a continuous supply of
reprogramming factors. The protein induced pluripotent stem (piPS) cell induction method is
significantly less efficient than epigenetic methods, with an efficacy of ~0.001%. In addition to
the transduction inefficiencies, the temporality of the process is relatively slow and the
multiple treatment protocols are very labor intensive, making volume production of piPS
clones difficult. Although inefficient, the piPS method does eliminate the risk of transgene
reactivation and genome integration, just as the RiPS method.

5. Optimization of induction methods

5.1. Factors affecting efficacy

While each induction method has an inherent relative efficacy, it must be noted that a number
of external factors affect reprogramming efficacy as well. Multiple groups have reported that
O2 concentrations play a role in reprogramming efficacy [27, 28], with hypoxia noted to increase
efficiency. The presence of methylation inhibitors, such as 5‘-azacytidine, in culture medium
have also been noted increase efficiency [29, 30]. Hanna et. al. have also demonstrated that cell
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genome alteration. Non-genetic induction removes the risk of genetic factor reactivation and
consequent genetic modification inherent with these epigenetic methods. To circumvent
genetic transfection, technologies have been developed which utilize downstream RNA and
protein phases of the desired genetic factors to induce expression.

4.1. mRNA transduction

Warren et. al. have demonstrated that modified mRNAs transcribing for the four SOKM factor
proteins are capable of reprogramming when passed into the cytosol of various human cell
types with a catatonic delivery vehicle [23]. Initially, cytotoxicity of transfected mRNAs
inhibited effective reprogramming, requiring modifications to the mRNA. In a novel approach,
Warren et. al. modified the ribonucleotide bases of vector mRNAs by substituting 5-methyl‐
cytidine for cytidine and pseudouridine for uridine, reducing the immunogenicity of the
mRNAs [24]. Combined with interferon inhibitor media supplements, the modifications
allowed for generation of viable iPS clones.

mRNA induced pluripotent stem (RiPS) cell generation is highly efficient relative to other
technologies, with an efficacy of 1.34% in Warren’s initial study. However, the modified
mRNAs are difficult to generate in the laboratory and the techniques are labor-intensive.
Repeated mRNA administrations are also required, increasing the labor-intensive nature of
the technique and complicating volume production of RiPS clones.

4.2. Protein transduction

Multiple groups have also demonstrated reprogramming utilizing the protein products of the
SOKM factors [25, 26]. In order for the target proteins to pass through a lipid bilayer, both
groups attached each target protein to a cell penetrating peptide (CPP). At this stage, cells are
treated with CPP-conjugated proteins multiple times to ensure a continuous supply of
reprogramming factors. The protein induced pluripotent stem (piPS) cell induction method is
significantly less efficient than epigenetic methods, with an efficacy of ~0.001%. In addition to
the transduction inefficiencies, the temporality of the process is relatively slow and the
multiple treatment protocols are very labor intensive, making volume production of piPS
clones difficult. Although inefficient, the piPS method does eliminate the risk of transgene
reactivation and genome integration, just as the RiPS method.

5. Optimization of induction methods

5.1. Factors affecting efficacy

While each induction method has an inherent relative efficacy, it must be noted that a number
of external factors affect reprogramming efficacy as well. Multiple groups have reported that
O2 concentrations play a role in reprogramming efficacy [27, 28], with hypoxia noted to increase
efficiency. The presence of methylation inhibitors, such as 5‘-azacytidine, in culture medium
have also been noted increase efficiency [29, 30]. Hanna et. al. have also demonstrated that cell

Induced Pluripotent Stem Cells: Current and Emerging Technologies
http://dx.doi.org/10.5772/55101

269



division rate plays a role in the kinetics of iPS induction [31]. Findings such as these suggest
that the specific culture environment play a major role in pluripotency induction and may
effect downstream development of iPS clones.

Of prominent concern, it has been reasoned that the stoichiometric abundances of reprogram‐
ming factors in relation to one another plays a role in reprogramming efficacy [18]. This
rationale is based upon the differential effects of some pluripotency factors when expressed
in different levels; for instance, expression of Oct4 and Sox2 at median levels can maintain
pluripotency of ESCs, but overexpression of Oct4 can induce differentiation [32]. A similar
action has been demonstrated in the context of iPS induction, in which a threefold increase of
Oct4 increased efficacy, but further increases reduced the efficiency of reprogramming [33].
As such, the ability to monitor and manipulate the stoichiometric expression levels of tran‐
scription factors may play a role in selection of vectors and induction technologies in the future.

iPS cells have recently been shown to possess preferential differentiation based on their somatic
cell origin, referred to as epigenetic memory [34-36]. It is believed that variations in DNA
methylation status allow differentiation preferences to persist beyond the boundaries of
reprogramming. It may be possible to exploit this epigenetic memory to increase the terminal
differentiation efficiency of iPS cells based on the desired differentiated phenotype. By
selecting cells of origin in the same lineage, or tissues known to have limited transdifferentia‐
tion ability into the target cell type, it may be possible to augment the efficacy of current
induction protocols.

5.2. Application specific induced pluripotent stem cells

Until now, the majority of iPS cell research has sought to increase the efficacy at which stable
pluripotent iPS clones could be developed. However, for the optimal production of a desired
differentiated phenotype, solely optimizing the efficacy at which iPS clones can be developed
may not be the best strategy. First touched on by Yamanaka in 2009 as the concept of “func‐
tional pluripotency“ [6], it may be more effective to optimize for the generation of a target
differentiated phenotype in the context of downstream applications. As such, a number of the
efficacy factors mentioned above could be considered and optimized for each target phenotype
and each downstream application.

Until such a time as reprogramming efficacy improves dramatically, the optimization of
reprogramming in the context of specific downstream applications may be a way to increase
efficiency. For each application, specific factors regulate the optimal induction method and
environment, such as the acceptability of genome integration, the temporality in which desired
phenotypes are needed, and the volume in which the target phenotype is required. Based on
application specific factors such as these, it may be optimal to utilize various induction
methods combined with an optimized set of efficacy conditions described above to generate
iPS cell products on an application by application basis, rather than focusing solely on
improving the generation of iPS clones.
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6. Clinical applications

iPS cells can theoretically become any tissue in the body, which opens a number of possibilities
for the use of iPS derived cells in graft and transplant based treatments. A key advantage of
iPS cells is patient-specificity. iPS cells could be generated from a patient’s own somatic cells
and differentiated into the desired phenotype, allowing for an effectively autologous trans‐
plant which attenuates the risk of immunorejection. In the manner, iPS technology can be used
as a pathway of sorts to generate desired tissues for transplant and tissue engineering
applications (Figure 1).

6.1. Acute neurological damage

Induced pluripotent stem cell technologies have provided an exciting avenue for potential
treatment of many neurological diseases, many of which have few treatment options at present.
Among these disorders, acute neurological damage has an exceedingly direct treatment model
through the iPS pathway. In many cases, such as stroke or spinal cord injury, direct trans‐
plantation of neuronal cells derived from patient-specific iPS cells to the damaged region could
potentially aid in convalescence. Studies have already demonstrated functional recovery in
spinal cord injury models of mice treated with iPS derived neuronal cells [37]. Groups have
also confirmed functional recovery in peripheral nerve regions [38] and murine ischemia
models [39, 40], with promising graft cell growth rates in ischemia models, and notable
integration with existing neural networks. These findings show promise for the potential of
iPS cell therapies in acute neurological damage conditions; however, further research is needed
to ascertain the efficacy, safety, and long term effects of such transplantations.

6.2. Parkinson’s disease

Some higher cognitive disorders could also be addressed using similar direct transplantation
therapies. Parkinson’s disease is perhaps the most direct of the higher cognitive disorders to
address in this manner, as the primary cause of functional degradation can be traced to a single
cell phenotype. The loss of dopamine secreting neurons in the substantia nigra region of the
brain has been established as the leading cause of many Parkinson’s symptoms, suggesting
that direct replacement of lost dopamine secreting neurons through iPS cell derived neurons
could aid in recovery. Through the use of various methods, multiple groups have efficiently
differentiated iPS cells into dopaminergic neurons [41, 42], overcoming the first obstacle in the
implementation of a transplantation therapy. In a rodent model, transplantation of dopama‐
nergic neurons and other neuronal phenotypes into Parkinson’s disease model were able to
induce functional recovery [43].

These results demonstrate the potential of iPS cells to provide functional recovery in Parkin‐
son’s disease patients. However, further research is needed to establish the degree of recovery
post-transplant, to improve the efficacy of transplantation, and to assess the long-term benefit
of transplantation. It has been suggested that transplanted neuronal populations derived from
iPS cells of hereditary Parkinson’s patients may be inclined to exhibit similar degenerative
phenotypes after implantation and this potential must be explored.
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nergic neurons and other neuronal phenotypes into Parkinson’s disease model were able to
induce functional recovery [43].
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Figure 1. Induced pluripotent treatment pathway: Somatic cells are isolated from the patient, reprogrammed into iPS
cells, and then differentiated into the target phenotype for treatment
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6.3. Alzheimer’s disease

Unlike Parkinson’s disease, Alzheimer’s disease cannot be traced to the loss of single cell
phenotype in a distinct region. In Alzheimer’s, damage is diffuse throughout the brain, forming
neurofibrillary tangles characterized by high levels of amyloid precursor protein (APP)
expression. It has been demonstrated that high levels of APP expression influence differen‐
tiation toward the glial phenotype [44], inhibiting direct replacement of neurons through non-
terminally differentiated stem cells. As such, Alzheimer‘s does not lend itself to transplantation
therapy as readily as acute neurological injury or Parkinson’s. However, there is a potential
that transplantation of terminally differentiated neuronal populations derived from iPS cells
could have beneficial effects. Transplanted cells may not necessarily replace damaged neurons,
but increased neurotrophic factor production from transplanted neuronal populations may
have positive effects on patient phenotype.

6.4. Cardiovascular treatments

It has been demonstrated that pluripotent stem cells have the potential to differentiate into
cardiomyocyte [45, 46]. Utilizing a number of various culture conditions, including co-culture
with stromal cells and cytokine supplementation, differentiation into cardiomyocytes can be
made relatively efficient [47]. There is a potential that transplantation of iPS derived cario‐
myocytes may be able to assist patients who have suffered a myocardial infraction, as has been
demonstrated when transplanting other related phenotypes [48]. Studies in a murine model
have shown that transplantation of ESC derived cariomyocytes mitigated the functional
damage of myocardial infraction [49]. Due to the similarity of iPS cell and ESC phenotypes,
there is a potential that similar results would be possible utilizing patient specific iPS cells as
the source of cardiomyocytes.

6.5. Hemophilia

Hemophilia is caused by a genetic mutation that reduces the production of coagulant factor
VIII or XI depending on the type. Therefore, it’s possible that transplantation of iPS derived
endothelial cells which express coagulant factors could correct the hemophilia phenotype
in patients [50]. In a murine model, transplantation of iPS derived endothelial cells positive
for factor VIII expression was able to mitigate the hemophilia A phenotype to a large degree.
Endothelial cells were transplanted by injection directly into the liver of hemophiliac mice
and functionality was assessed by a tail cutting assay. After treatment, mice with transplant‐
ed endothelial cells survived for 3+ months after tail cutting, while control mice died within
hours.  Factor  VIII  expression  was  increased  to  8%-12%  of  normal,  indicating  that  full
restoration  of  factor  VIII  expression  may  not  be  necessary  to  effectively  mitigate  the
hemophilia phenotype [51]. These findings show promise for the development of cell based
therapies to treat hemophilia.
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6.6. Blood supply

Blood supply shortages are an ever-present concern in many regions, leading to demand for
additional sources of red blood cells (RBCs). iPS cells could theoretically be used to generate
RBCs as a supplemental source and it has been demonstrated that iPS cells are capable of direct
erythrocytic differentiation [52]. Although the technology exists, the use of iPS cells to generate
RBCs may not always been practical due to the cost of iPS generation, culture, and subsequent
differentiation. As such, until technologies are developed which allow for industrial scale iPS
cell culture and differentiation, the use of iPS cells to augment the blood supply will be fairly
limited. In certain circumstances, such as a patient in need of a rare blood type in advance of
surgery, generation of iPS derived RBCs may be a viable option for treatment.

7. Research applications

7.1. Disease modeling

Accurate disease modeling is a biotechnological problem of fundamental importance. Most
current disease models rely upon murine model organisms, which are capable of providing
insight, but are less than ideal due to interspecies differences [53]. iPS technologies could allow
for in vitro disease modeling, using cultures isolated from those suffering with a given
condition. If widely applied, patient specific iPS cultures could potentially be created to
analyze the nuances of a disease in a particular patient, determining which course of treatment
would be best. Using skin fibroblasts isolated from a patient with spinal muscular atrophy,
Ebert et. al. demonstrated that iPS derived motor neurons could be effectively grown in culture
and maintained the disease phenotype of the patient [54]. These findings indicate that iPS cells
derived from patients with genetic disorders may exhibit the disease phenotype, allowing for
their use as a disease model.

Similar isolations have also occurred with Parkinson’s patients, in which iPS clones were
generated  from  patients  and  subsequently  differentiated  into  dopamanergic  neurons.
However, in the context of Parkinson’s disease, the disease phenotype was not as readily
presented in vitro  due to the relative age of the neurons. While cultured neurons have a
lifespan in weeks, Parkinson’s develops over a period of years due in conjunction with age
related  factors,  possibly  requiring  a  form  of  artificial  stress  treatment  to  accurately
reproduce  the  phenotype  in  vitro  [14].  However,  early  stage  metabolic  dysfunction  has
already  been  identified  and  corrected  in  vitro  using  neurons  generated  from  familial
Parkinson’s patient derived iPS cells, indicating that some early stage phenotypes may be
identifiable without full phenotypic replication [55]. Alzheimer’s disease, like Parkinson’s,
is strongly influenced by a number of age related factor which complicate the creation of
an accurate model. Recently, Shi et. al. demonstrated one potential approach to this problem
by  using  iPS  cells  derived  from  Down  syndrome  patients.  Down  syndrome  patients
overexpress  a  gene  known  to  encode  for  amyloid  precursor  protein  (APP),  a  major
component of the Alzheimer’s phenotype. Cortical neurons generated from these iPS lines
expressed amyloid aggregates and hyperphosphorylated tau protein, both hallmarks of the
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Alzheimer’s disease phenotype, after months in culture [56]. Utilizing a similar approach,
it may be possible to emulate other age related disease phenotypes through variable gene
expression,  providing a second avenue from which to approach the issue.  iPS line have
also  been  derived  from  Huntington’s  patients,  in  which  differentiated  neurons  main‐
tained some portions of the Huntington’s phenotype [57, 58]. CDKL5 mutant iPS lines have
also  been  generated  from  Rett  syndrome  patients,  and  may  allow  for  investigation  of
CDKL5’s  underlying  mechanism  within  patient  cells  [59].  Amyotrophic  lateral  sclerosis
(ALS)  has  also  been  effectively  modeled  using  an  iPS  line  derived  from  familial  ALS
patients [60].

Once generated, these disease models can provide insight into the underlying mechanisms of
the disease. In vitro research of molecular level cellular mechanisms is much cheaper and more
efficient than similar research in mammal models, potentially allowing for increased research
throughput. Established in vitro models also remove confounding factors related to animal
models, potentially making direct identification of mechanisms easier. In the context of
phenotypic identification and the discovery of underlying mechanisms, it is important to
consider the controls necessary for using these iPS derived disease models. Due to potential
phenotypic differences in iPS clones, even from the same isolation, it would be necessary to
generate models using multiple iPS lines from each patient in a diverse group. This spread
would allow for adequate confirmation that the identified phenotype or mechanism is indeed
consistent for all patients with the disease, rather than an artifact of reprogramming or a trait
specific to a single individual [53].

While these results in summary are very promising, substantial challenges remain before iPS
cell cultures can be used as disease models in every instance. Although diseases with limited
temporal dependency, such as spinal muscular atrophy, and clear monogenic origin, such as
Huntington’s, are replicated relatively easily in vitro, there remain unsolved problems in
replicating diseases influenced by multiple factors. As demonstrated in attempts to replicate
the Parkinson’s phenotype in vitro, time related factors can also play a large role in disease
phenotype, complicating modeling. Other diseases, such as Alzheimer’s, may be dependent
upon cellular interactions between multiple cell phenotypes in addition to age related factors.
The homogenous nature of iPS derived cell cultures complicates accurate replication of these
interactions in vitro. In some cases, it may be possible to model some of these cell to cell
interactions using coculture, as demonstrated in ALS models that incorporate both astrocytes
and neurons [61]. Further research is needed to overcome these barriers before iPS cell based
disease modeling can be exploited to its full potential.

7.2. Drug discovery

As a corollary to disease modeling, drug discovery is a promising research application for iPS
cells. Developing new drugs is exceedingly expensive and many drug candidates are rejected
in the final human trial stage due to toxicology concerns [46]. At present, 90% of all drugs
candidates that enter clinical trials fail to be approved, leading to a low drug candidate to
successful drug ratio [62]. If drugs could be screened for human toxicology earlier in the
development cycle, a number of these candidates could be eliminated earlier, allowing for
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CDKL5’s  underlying  mechanism  within  patient  cells  [59].  Amyotrophic  lateral  sclerosis
(ALS)  has  also  been  effectively  modeled  using  an  iPS  line  derived  from  familial  ALS
patients [60].

Once generated, these disease models can provide insight into the underlying mechanisms of
the disease. In vitro research of molecular level cellular mechanisms is much cheaper and more
efficient than similar research in mammal models, potentially allowing for increased research
throughput. Established in vitro models also remove confounding factors related to animal
models, potentially making direct identification of mechanisms easier. In the context of
phenotypic identification and the discovery of underlying mechanisms, it is important to
consider the controls necessary for using these iPS derived disease models. Due to potential
phenotypic differences in iPS clones, even from the same isolation, it would be necessary to
generate models using multiple iPS lines from each patient in a diverse group. This spread
would allow for adequate confirmation that the identified phenotype or mechanism is indeed
consistent for all patients with the disease, rather than an artifact of reprogramming or a trait
specific to a single individual [53].

While these results in summary are very promising, substantial challenges remain before iPS
cell cultures can be used as disease models in every instance. Although diseases with limited
temporal dependency, such as spinal muscular atrophy, and clear monogenic origin, such as
Huntington’s, are replicated relatively easily in vitro, there remain unsolved problems in
replicating diseases influenced by multiple factors. As demonstrated in attempts to replicate
the Parkinson’s phenotype in vitro, time related factors can also play a large role in disease
phenotype, complicating modeling. Other diseases, such as Alzheimer’s, may be dependent
upon cellular interactions between multiple cell phenotypes in addition to age related factors.
The homogenous nature of iPS derived cell cultures complicates accurate replication of these
interactions in vitro. In some cases, it may be possible to model some of these cell to cell
interactions using coculture, as demonstrated in ALS models that incorporate both astrocytes
and neurons [61]. Further research is needed to overcome these barriers before iPS cell based
disease modeling can be exploited to its full potential.

7.2. Drug discovery

As a corollary to disease modeling, drug discovery is a promising research application for iPS
cells. Developing new drugs is exceedingly expensive and many drug candidates are rejected
in the final human trial stage due to toxicology concerns [46]. At present, 90% of all drugs
candidates that enter clinical trials fail to be approved, leading to a low drug candidate to
successful drug ratio [62]. If drugs could be screened for human toxicology earlier in the
development cycle, a number of these candidates could be eliminated earlier, allowing for
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increased funding to more promising drugs. This redistribution of funding could eventually
lead to more drug candidates developed in a more rapid fashion.

To assess for toxicology, iPS clones could be generated from a broad cross-section of potential
patients, representing various patient backgrounds. Due to the immortalized nature of iPS
cultures, these cells could be expanded and maintained indefinitely at relatively low expense
to drug developers. As a consequence of effective cell storage technologies, an iPS clone bank
would only expand overtime, allowing for the aggregation of clones generated during multiple
studies. From these clones, tissues could be generated for toxicology testing early in the
development cycle, potentially identifying toxic drug candidates before further testing takes
place (Figure 2). In this manner, a diverse donor population could effectively provide each
type of human tissue with a relatively small amount of tissue collection.

Using iPS disease models as described above, the effectiveness of new drug therapies could
also be tested in vitro. The overall cost of testing using these in vitro models is less than that of
animal modeling, and could allow large scale screening of potential drug candidates early in
the development cycle. Due to the elimination of certain confounding factors present in animal
models, drug testing in iPS derived disease models may also yield unique insights not
demonstrated using traditional models. The iPS clone bank described above could be expand‐
ed to include similarly diverse clone populations from patients with a specific disease. Similar
to its benefits in toxicology testing, an iPS clone bank could allow for testing on a broad cross-
section of disease patients at a relatively low cost. Recently, studies have utilized iPS disease
models to assess the efficacy of Alzheimer’s disease drug candidates in vitro [56] and to
successfully screen for new drugs to potentially treat ALS [60]. These studies demonstrate the
potential for the use of iPS cells in the context of drug development, both to improve the
efficiency of existing drug development pipelines and to screen for entirely new compounds
in a relatively low cost model.

However, drug discovery and toxicology screening using iPS cells is limited by their ability to
accurately replicate in vivo conditions. As discussed above, the homogenous nature of iPS
cultures neglects many influential factors related to cellular interaction, and the temporally
naive nature of iPS cultures neglects many age related factors. As such, further research is
necessary before iPS derived tissues are suitable for use in toxicology testing. For drug therapy
screening, the current state of disease models as discussed above is a limiting factor. Although
not all diseases can be effectively modeled for screening today, some disorders that have well
characterized iPS models may benefit from broad drug screening in the near future.

8. Conclusion: Challenges to the road ahead

A number of roadblocks remain before iPS cells are ready for the clinic. At present, there still
remains a risk of teratoma formation in the event that a subpopulation of iPS cells is not
terminally differentiated prior to transplantation. In the context of a patient-specific autolo‐
gous treatment using iPS cells, methods must be developed by which iPS cells can be generated
in sufficient quantity, reliably, and in a time frame appropriate for the targeted disease.
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Efficiency remains an issue, especially with regards to technologies that do not integrate
transgenes into the host genome. To address efficiency concerns, it is possible that application
specific optimization of induction technologies could improve the efficacy of current induction
technologies.

As disease models, iPS cells are limited by the neglect of several influential factors. Most
prominently, the homogenous populations derived from iPS cells inherently neglect interac‐
tions between multiple cell phenotypes, and these interactions may be critical to understanding
disease mechanisms [6]. iPS cells could potentially be differentiated into various cell types and
cocultured to replicate interactions between cell types, but it may be difficult to generate an

Figure 2. Drug discovery and toxicology workflow. Somatic cells are isolated from a broad cross section of donors,
reprogrammed, and differentiated into relevant tissues for toxicology screening and drug testing
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accurate interaction model, even with multiple cell types. iPS cell cultures also neglect various
age related factors, which may be particularly problematic in modeling certain diseases. These
same issues act as barriers to the use of iPS cells for drug discovery and toxicology screening,
as both applications rely upon accurate iPS models of in vivo cellular activity.

Induced pluripotent stem cell technologies have progressed rapidly in recent years. Various
induction methods have eliminated or reduced many of the fundamental issues with iPS cells,
opening the door to a variety of possible applications. Though there remain a number of
challenges facing the development of iPS cells in the clinic and the laboratory, the potential
benefits to regenerative medicine are profound.
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accurate interaction model, even with multiple cell types. iPS cell cultures also neglect various
age related factors, which may be particularly problematic in modeling certain diseases. These
same issues act as barriers to the use of iPS cells for drug discovery and toxicology screening,
as both applications rely upon accurate iPS models of in vivo cellular activity.

Induced pluripotent stem cell technologies have progressed rapidly in recent years. Various
induction methods have eliminated or reduced many of the fundamental issues with iPS cells,
opening the door to a variety of possible applications. Though there remain a number of
challenges facing the development of iPS cells in the clinic and the laboratory, the potential
benefits to regenerative medicine are profound.
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1. Introduction

Embryonic stem (ES) cells isolated from the inner cell mass (ICM) of blastocysts possess
the defining pluroptency: unlimited self-renewal and giving rise to all cells of the organ‐
ism[1, 2]. Thus, ES cells hold great promise for regenerative medicine to treat many dis‐
eases including heart failure,  diabetes,  Alzheimer’s and Parkinson’s disease by replacing
the damaged cells with ES cell-derived healthy ones. The recent advent of induced pluri‐
potent stem (iPS) cells reprogrammed from somatic cells has the potential to revolution‐
ize  the  field  of  regenerative  medicine  since  patient-derived  iPS  cells,  in  principle,
circumvent  the  ethical  problems  and  immune  rejection  associated  with  human  ES
cells[3]. Nevertheless, the future clinical translation of ES cells and iPS cells is facing nu‐
merous hurdles. Understanding the molecular mechanisms that impart ES cells with plu‐
ripotency  may  help  address  some  of  these  challenges.  The  past  few  years  have  seen
tremendous progress in understanding of  mechanisms which govern ES cell  pluripoten‐
cy.  In  this  chapter,  we  will  review  critical  signaling  and  transcription  factor  networks
that have been identified to maintain ES cell pluripotency.

2. Signaling pathways of ES cells

ES cells require extrinsic growth factors to maintain their pluripotency in culture.  These
extrinsic  growth  factors  act  on  different  signaling  pathways  to  regulate  intrinsic  tran‐
scription factor  networks  to  sustain  ES  cells  in  the  undifferentiated state.  The  signaling
pathways  required to  support  pluripotency in  mouse  ES  cell  are  distinct  from those  in
human ES cells (Figure 1).
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Figure 1. Exogenous growth factors signal through distinct signaling pathways to regulate transcription factors for ES
cell pluripotency.

2.1. LIF/JAK/STAT3 pathway

Mouse ES cells were originally cultured on feeder layers derived from mouse embryonic fi‐
broblasts (MEF). Later it was found that Leukaemia Inhibitory Factor (LIF), a member of the
Interleukin-6 cytokines produced by MEFs, was the key factor to maintain pluripotency of
mouse ES cells by inhibiting their differentiation[4]. Upon LIF binding, the LIF receptor re‐
cruits gp130 to form a heterodimer which subsequently activates Janus kinase (JAK)
through transphosphorylation[5]. Activated JAK then phosphorylate gp130, creating a dock‐
ing site to bind the SH2 domain of Signal Transducers and Activators of Transcription 3
(STAT3)[6-9]. Once STAT3 binds to the gp130 docking site, JAK then phosphorylates the re‐
cruited STAT3. Phosphorylated STAT3 forms a homodimer, which subsequently translocate
into the nucleus, where it binds to gene enhancers to regulate target gene expression[10-12].

Although the LIF/JAK/STAT3 pathway has been well documented to maintain pluripotency
of mouse ES cells in the presence of serum, the mechanisms by which activated STAT3 func‐
tions in this regard is poorly understood. Recently, studies in identification of STAT3 target
genes have improved our understanding of activated STAT3 in maintaining pluripotency.
Chen et al identified 718 STAT3-bound genomic sites that were co-occupied by pluripotency
transcription markers (Oct4, Sox2 and Nanog) by using chromatin immunoprecipitation se‐
quencing (ChIP-seq)[12]. In addition, Kidder and colleagues found that STAT3 target genes
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enriched in ES cells were downregulated in differentiated cells by mapping STAT3 binding
targets in mouse ES cells and differentiated embryoid bodies (EBs)[13]. Along with these re‐
sults, it has been demonstrated that knocking down STAT3-target genes induces activation
of endodermal and mesodermal genes, supporting the conclusion that STAT3 prevents
mESC differentiation by suppressing lineage-specific genes[14].

Interestingly,  the LIF receptor and gp130 are also expressed in human ES cells  and hu‐
man LIF can induce STAT3 phosphorylation and nuclear translocation in human ES cells.
However, human LIF is unable to maintain the pluripotent state of human ESs, suggest‐
ing  that  mouse  and  human  ES  cells  require  distinct  signaling  mechanisms  to  govern
their pluripotency[15].

2.2. TGF-β signaling

TGF-β superfamily consists of more than 40 members, including TGF-β, Activin, Nodal, and
bone morphogenetic proteins (BMPs). The TGF-β members transduce signals by binding to
heteromeric complexes of serine/threonine kinase receptors, type I and type II receptors,
which subsequently activate intracellular Smad proteins. Smads 2 and 3 are specifically acti‐
vated by activin, nodal and TGF-β ligands, whereas Smads 1, 5 and 8 are activated by BMP
ligands[16, 17] (Figure 1). The TGF-β-related signaling pathways play complex roles in regu‐
lating the pluripotency and cell fate of ES cells.

2.2.1. BMP signaling pathway

Bone Morphogenetic Protein (BMP) is a subset of the TGF-β superfamily[18]. When BMP li‐
gands bind to type II BMP receptors (BMPRII), BMPRII then recruits and phosphorylates
type I BMP receptors (BMPRI). Activated type I receptors subsequently phosphorylate BMP-
responsive SMAD1/5/8 which then forms a complex with SMAD4 and translocates into nu‐
cleus to regulate target gene expression (Figure 1). In mouse ES cells, LIF can substitute MEF
feeder layers in maintaining pluripotency in the presence of animal serum by activating the
transcription factor STAT3. However, in serum-free cultures, LIF is insufficient to block neu‐
ral differentiation and maintain pluripotency. Recently, Ying et al reported that BMP was
able to replace serum to maintain pluripotency of mouse ES cells in the presence of LIF.
BMP has been shown to phosphorylate SMAD1/5 and activate inhibitors of differentiation
(Id) genes, which block neural differentiation by antagonizing neurogenic transcription fac‐
tors[19]. In the absence of MEF and serum, exogenous LIF, in combination with BMP4 pro‐
teins, can sufficiently maintain the pluripotency of mouse ES cells derived from
“permissive” mouse strains.

In contrast to a maintenance role in mouse ES cell pluripotency, BMP has been shown to
promote human ES cells differentiation to trophoblasts, and inhibiting BMP signaling with
the BMP antagonist, Noggin, sustains the undifferentiated state of human ES cells[20, 21]. In
consistence, dorsomorphin and DMH1, small molecule BMP inhibitors previously identified
in our lab, were shown to promote long-term self-renewal an pluripotency of human ES
cells, presumably by inhibiting BMP induced extraembryonic lineage differentiation[22-25].
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Figure 1. Exogenous growth factors signal through distinct signaling pathways to regulate transcription factors for ES
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2.2.2. TGF-β/activin/nodal signaling pathway

Although MEFs feeder layers were initially used to co-culture both mouse and human ES
cells, signal factors secreted from MEFs to maintain pluripotency of the two types of ES cells
are fundamentally different. Sato et al first discoveried that TGF-β and Nodal genes were
highly expressed in undifferentiated human ES cells[26]. Beattie et al later reported that Ac‐
tivin A, a member of the TGF-β superfamily, was secreted by MEFs, and medium enriched
with activin A can replace MEF feeder-layers or MEF-conditioned media to maintain human
ES cells in an undifferentiated state[27]. In consistence, James et al demonstrated that the
TGF-β/Activin/Nodal pathway was activated through the transcription factors Smad2/3 in
undifferentiated human ES cells[28]. The notion that TGF-β/Activin/Nodal signaling sup‐
ports human ES self-renewal and pluripotency is further supported by the fact that recombi‐
nant Activin or Nodal stimulation induces higher levels of pluripotent protein expression
(Oct4 and Nanog), while inhibition of TGF-β/Activin/Nodal signaling with Lefty or Follista‐
tin decreases expression of these pluripotent proteins in human ES cells[29, 30].

Recent studies have focused on understanding the molecular mechanisms of TGF-β/Activin/
Nodal signaling in retaining human ES cells pluripotency. Xu and colleagues showed that
TGF-β/Activin/Nodal signaling activated Smad2/3 which subsequently binds to the Nanog
promoter in undifferentiated human ES cells to induce expression of Nanog, a pluripotent
transcription factor[31]. Additionally, mutating the putative Smad-binding sites reduced the
response of Nanog to modulation of TGF-β signaling[31]. Nanog was also shown to coordi‐
nate with Smad2 in a negative-feedback loop to inhibit human ES cell differentiation[32]. In
contrast to its important role in maintaining human ES cell pluripotency, the TGF-β/Activin/
Nodal signaling is not essential for pluripotency of mouse ES cells. Although this pathway
was shown to be active in undifferentiated mouse ES cells as assessed by phosphorylation of
smad 2/3, inhibition of smad 2/3 phosphorylation by SB431542 had no effect on the undiffer‐
entiated state of mouse ES cells[28]. However, the TGF-β/Activin/Nodal signaling may play
a role in mouse ES proliferation. A recent study showed that Inhibition of TGF-β/Activin/
Nodal signaling by Smad7 or SB-431542 dramatically decreased mouse ES cell proliferation
without effect on their pluripotency[33].

2.2.3. Growth and Differentiation factor 3 (GDF-3)

GDF-3 is another TGF-beta superfamily member that plays opposite roles in mouse and
human ES cells.  GDF-3,  which acts as a BMP antagonist  by direct  binding to BMP-4,  is
specifically expressed in the pluripotent state of both mouse and human ES cells[34]. Ec‐
topic  expression of  GDF-3 leads to  the  maintenance of  pluripotency in  human ES cells,
whereas a similar effect is observed in mouse ES cells when GDF-3 levels are decreased.
In the absence of LIF, GDF-3-deficient mouse ES cells can still  sustain pluripotent mark‐
ers[34].  These  results  are  consistent  with  previously  discussed  BMP  signals  which  can
promote  pluripotency  of  mouse  ES  cells,  but  cause  differentiation  of  human  ES  cells.
Thus lower concentrations of BMP antagonists, such as GDF-3, may enhance pluripoten‐
cy in mouse ES cells,  whereas higher levels of GDF-3 may favor pluripotency of human
ES cells by abrogating BMP signaling.
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2.3. FGF/MEK signaling

The importance of  Fibroblast  growth factor (FGF) signaling for human ES cells  pluripo‐
tency  is  highlighted  by  the  facts  that  human  ES  cells  are  traditionally  cultured  in  the
presence of Fibroblast growth factors (FGFs) either on fibroblast feeder layers or in fibro‐
blast-conditioned medium[35, 36]. Studies have demonstrated that all four FGF receptors
(FGFR1, FGFR3 and FGFR4) and several components (SOS1, PTPN11 and RAF1) of their
downstream  activation  cascade  are  significantly  upregulated  in  undifferentiated  human
ES cells, in comparison to differentiated human ES cells[37-39]. In consistence, withdraw‐
al  of  FGFs or  inhibition of  FGF signaling by a FGFR inhibitor,  SU5402,  rapidly induces
human ES cell differentiation[40-42].

Although the pluirpotency maintenance role of exogenous FGFs in human ES cell has been
known for a long time, the molecular mechanisms by which they function remain unclear.
FGFs signal by binding to FGF receptors (FGFRs), and activate multiple signaling cascades,
including Mitogen-Activated Protein Kinases (MAPKs), the Janus kinase/signal transducer
and activator of transcription (Jak/Stat), phosphatidylinositol 3-kinase (PI3K) and phosphoi‐
nositide phospholipase C (PLCg) pathway[43]. Several studies have highlighted the FGF
contribution to the maintenance of human ES cells mainly through the FGF/MEK pathway
(Figure 1), [44, 45]. Studies have showed that FGF2 induces feeder layer cells to secret
TGFβ1 and insulin-like growth factor 2 (IGF2), which can subsequently promote the undif‐
ferentiated state of human ES cells[46, 47]. Bendall et al further reported that the function of
exogenous FGFs in promoting ES self-renewal could be replaced by addition of IGF2 alone,
suggesting an indirect role of FGFs for human ES cell growth. However, this model was
challenged in subsequent publications from Wang et al who reported that exogenous IGF2
alone was insufficient to maintain undifferentiated growth of human ES cells, and they pro‐
posed that FGFs may play a direct role in blocking caspase-activated apoptosis through
anoikis in human ES cells[48]. Recently, Eiselleova and colleagues postulated a new model
whereby endogenous FGF-2 signaling maintained the undifferentiated state and survival of
human ESCs, while exogenous FGF-2 mainly suppress cell death and apoptosis genes, thus
indirectly contributing to the maintenance of human ES cell pluripotency[49].

FGF signaling in mouse ES cells has also been extensively investigated. Mouse ES cells geneti‐
cally deficient in Fgf4 and extracellular-signal regulated kinase 2 (Erk2) differentiate ineffi‐
ciently. These results can be reproduced using inhibitors of FGF receptor and ERK, suggesting
blockage of the FGF/MEK signaling pathway promotes mouse ES cell pluripotency[50-52]. In‐
deed, serum-free mouse ES cell medium supplemented with FGF/MEK inhibitors and LIF per‐
mits  the  derivation  of  mouse  ES  cells  in  the  absence  of  feeders  from  strains  normally
considered non-permissive[53]. In addition, a recently identified compound, Pluripotin/SC1,
has been shown to maintain mouse ES pluripotency by inhibiting ERK1 and activating the pho‐
phoinositide-3 kinase (PI3K) pathway through blocking RasGAP[54-56] [57, 58]. Although in‐
hibition of FGF/MEK pathway can attenuate ES cell differentiation, it is insufficient to support
mouse ES cell self-renewal. Combination of the MEK inhibitor PD0325901 with the Glycogen
synthase kinase-3 (GSK-3) inhibitor CHIR99021 (known as 2i) can efficiently sustain the pluri‐
potency of mouse ES cells in the absence of exogenous cytokines[59, 60]. Several groups dem‐
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onstrated that improvement of mouse ES cell pluripotency by inhibition of GSK-3 occurred via
Wnt/β-catenin signaling, whereas many others argued that GSK3 was likely to exert β-catenin
independent effects in ES cells[59, 61-67].

As demonstrated above, human and mouse ES cells are both derived from blastocyst-stage
embryos, but they require different biological signals for maintaining pluripotency. In gen‐
eral, mouse ES cells maintain their pluripotency by activating LIF/STAT3 and BMP signal‐
ing, while human ES cells require TGF-β/Nodal and FGF/MEK pathways. Interestingly,
several pathways, such as BMP and FGF/MEK, have completely oppositing effects on main‐
taining the pluriotency of mouse and human ES cells. Activation of BMP signaling and in‐
hibition of the FGF/MEK pathway promote mouse ES self-renewal, whereas inhibition of
BMP signaling and activation of FGF/MEK pathway sustain human ES cell pluripotency.
These distinct signaling effects on pluripotency may reflect intrinsic differences between
mouse and human ES cells. Recent studies have demonstrated that conventional human ES
cells do not represent the “ground or naïve state” of stemness, but rather a more develop‐
mentally mature “primed state” resembling mouse epiblast stem cells (mEpiSCs) found in
the post-implantation, pre-gastrulation stage of embryos [68-74]. Conventional human ES
cells exhibit numerous similarities to the mouse EpiSCs over mouse ES cells (Table 1). For
instance, conventional human ES cells and mouse EpiSCs display flattened cell colonies and
epigenetic X-chromosome inactivation (XiXa), and require Activin and FGF for pluripotency
maintanince. In contrast, mouse ES cells exhibit dome-shaped colony morphology and epi‐
genetic activation of both X-chromosome (XaXa), and require LIF/STAT3 signaling to pro‐
mote self-renewal. Subsequent studies have demonstrated that the medium containing “2i”
(MEK inhibitor and GSK-3 inhibitor), when supplemented with other factors (such as for‐
skolin), can efficiently convert conventional human ES cells into a ground or “naïve” state
with display of hallmark features of mouse ES cells. This medium can also maintain human
ES cell pluriptoency at the naïve state [69, 70, 72, 75-78].

Table 1. Comparison of the properties of mouse ES cells (mESCs), mouse epiblast stem cells (mEpiSCs), human ES cells
(hESCs) and human iPS cells (hiPSCs).
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3. The regulatory network of pluripotency factors

ES cell pluripotency is conferred by a unique transcriptional network[79]. Early global tran‐
scriptional profiles and genetic studies have identified several critical transcription factors
that are required for the pluripotency of ES cells, such as Oct4, Sox2, Nanog, Foxd3 and Id,
etc [80-88]. Here we will mainly focus on Oct4, Sox2 and Nanog, three key transcription fac‐
tors of the core pluripotency transcriptional network.

3.1. OCT4 and SOX2

OCT4 (also known as Oct3), a POU domain-containing transcription factor, was one of the
first transcription factors identified as essential for both early embryo development and plu‐
ripotency maintenance in ES cells[84, 89]. The expression of Oct4 is activated at the 8-cell
stage and is later restricted to the inner cell mass (ICM) and germ cells in early mouse em‐
bryogenesis in vivo [89-92]. Oct4 is highly expressed in both human and mouse ES cells, and
its expression diminishes when these cells differentiate and lose pluripotency. Oct4 regu‐
lates a broad range of target genes including Fgf4, Utf1, Opn, Rex1/ Zfp42, Fbx15, Sox2 and
Cdx2[93-95]. Repression of Oct4 activity in ES cells upregulates Cdx2 expression, leading to
ES cell differentiation into trophectoderm[96]. Oct4 is also known to activate downstream
genes by binding to enhancers carrying the octamer–sox motif (Oct–Sox enhancer), for syn‐
ergistic activation with Sox2. In contrast with its target genes, little is known about Oct4 up‐
stream regulators. The Oct4 promoter contains conserved distal and proximal enhancers
that can either repress or activate its expression depending on the binding factors occupying
these sites[97, 98]. The precise level of Oct4 is important for ES cell fate determination. Loss
of Oct4 causes inappropriate differentiation of ES cells into trophectoderm, whereas overex‐
pression of Oct4 results in differentiation into primitive endoderm and mesoderm[99, 100].

Sox2 is an HMG-box transcription factor that is detected in pluripotent cell lineages and the
nervous system[101-103]. Inactivate Sox2 in vivo results in early embryonic lethality due to
the failure of ICM maintenance[102]. Sox2 can form a complex with the Oct4 protein to occu‐
py Oct–Sox enhancers to regulate target gene expression. Oct–Sox enhancers are found in
the regulatory region of most of the genes that are specifically expressed in pluripotent stem
cells, such as Oct4, Sox2, Nanog, Utf1, Lefty, Fgf4 and Fbx15[93, 94, 104-108].

3.2. Nanog

Nanog is another homeobox-containing transcription factor that is specifically expressed in
pluripotent ES cells. The essential role of Nanog in maintaining the pluripotency of ES cells
is highlighted by the facts that Nanog-deficient ES cells are prone to differentiation, whereas
forced expression of Nanog partially renders ES cells self-renewal potential in the absence of
LIF[85, 86, 109]. How Nanog regulates stem cell pluripotency remains entirely unknown.
Studies have indicated that Nanog may maintain ES cell pluripotency by 1) downregulating
downstream genes essential for cell differentiation such as Gata4 and Gata6 and 2) activat‐
ing the expression of genes necessary for self-renewal such as Rex1 and Id[19, 85, 86]. Al‐
though it is widely accepted that Nanog, like Oct4 and Sox2, play a central role in
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Sox2 is an HMG-box transcription factor that is detected in pluripotent cell lineages and the
nervous system[101-103]. Inactivate Sox2 in vivo results in early embryonic lethality due to
the failure of ICM maintenance[102]. Sox2 can form a complex with the Oct4 protein to occu‐
py Oct–Sox enhancers to regulate target gene expression. Oct–Sox enhancers are found in
the regulatory region of most of the genes that are specifically expressed in pluripotent stem
cells, such as Oct4, Sox2, Nanog, Utf1, Lefty, Fgf4 and Fbx15[93, 94, 104-108].

3.2. Nanog

Nanog is another homeobox-containing transcription factor that is specifically expressed in
pluripotent ES cells. The essential role of Nanog in maintaining the pluripotency of ES cells
is highlighted by the facts that Nanog-deficient ES cells are prone to differentiation, whereas
forced expression of Nanog partially renders ES cells self-renewal potential in the absence of
LIF[85, 86, 109]. How Nanog regulates stem cell pluripotency remains entirely unknown.
Studies have indicated that Nanog may maintain ES cell pluripotency by 1) downregulating
downstream genes essential for cell differentiation such as Gata4 and Gata6 and 2) activat‐
ing the expression of genes necessary for self-renewal such as Rex1 and Id[19, 85, 86]. Al‐
though it is widely accepted that Nanog, like Oct4 and Sox2, play a central role in
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pluripotency maintenance, this dogma has been challenged by a subsequent report that
Nanog protein levels are undetectable in a fraction of ES cells that express Oct4, and the
pure populations of Nanog−/− ES cells can be propagated without losing expression of other
pluripotency markers[110].

Little is known about the mechanism by which Nanog is regulated in ES cells. Recently, Su‐
zuki et al showed that Nanog expression was upregulated by BrachyuryT and STAT3 in
mouse ES cells[111]. In human ES cells and in mouse EpiSCs, Vallier et al reported that Acti‐
vin/Nodal signaling stimulated expression of Nanog, which in turn prevents FGF-induced
neuroectoderm differentiation [112]. In addition, several studies indicated that the Oct4/
Sox2 complex was directly bound to the Nanog promoter to regulate target gene expression
[106, 107, 113]. Genomic studies have revealed that Oct4, Sox2, and Nanog frequently bind
the same regulatory regions in undifferentiated mouse and human ESCs, and that these
binding sites are often in close proximity to one another[113-116]. These results indicate that
Oct4, Sox2, and Nanog may physically interact with each other and coordinately regulate
target genes in some cases. Additionally, Goke and colleagues reported that combinatorial
binding sites of the Oct4/Sox2/Nanog were more conserved between mouse and human ES
cells than individual binding sites were [113, 114, 117-119].

4. Summary

Understanding the molecular mechanism of pluripotency can greatly expand our knowl‐
edge of ES cell biology and facilitate future stem cell clinical applications. In the past few
years, we have seen tremendous advances in understanding ES cell pluripotency. Although
mouse ES cells and conventional human ES cells require distinct signaling pathways to
maintain pluripotency, they display similar gene expression profiles, activities of transcrip‐
tion factors (such as Oct4, Nanog and Sox2) and transcription factor networks. Our under‐
standing of pluripotency has been further expanded by the advent of iPS cells and the very
recent discovery that conventional human ES cells are more equivalent to mouse EpiSCs,
but rather “naïve state” of mouse ES cells. Nevertheless, our knowledge of the molecular
mechanisms of ES cell pluripotency is still very limited. For instance, it remains unknown
how growth factors establish and control transcriptional networks to regulate pluripoency
and how ES cells respond so precisely to exogenous cues. Given the rapid advance in ES cell
biology, we anticipate the molecular mechanisms underlying pluripotency of ES cells will
soon be uncovered and pluripotent stem cells, such as ES cells and iPS cells, will be widely
used for clinical applications in the near future.
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1. Introduction

Embryonic stem (ES) cells constitute a very important tool for regenerative medicine today.
Human ES cells, in particular, are almost all derived from embryos obtained by in vitro fer‐
tilization (IVF) followed by in vitro culture (IVC); however, such in vitro manipulated em‐
bryos often show epigenetic abnormalities in imprinted genes that can lead to the
development of various diseases. We recently reported that epigenetic differences occurred
between ES cells derived from in vivo developed embryos (Vivo ES) and ES cells derived
from in vitro manipulated embryos (Vitro ES) [1]. In addition, we found that the DNA meth‐
ylation state of uniparental and somatic cell nuclear transfer (SCNT) ES cells exhibits epige‐
netic instability during in vitro culture [2]. In this chapter, we review studies that have
examined the epigenetic instability of ES cells during generation and maintenance cultures,
and discuss the candidate factors that may be responsible for this epigenetic instability.

2. Epigenetic regulation by DNA methylation

In vertebrate genomic DNA, the 5' cytosine residues in CpG sequences are often methylated
[3]. DNA methylation plays an essential role in the normal development of mammalian em‐
bryos by regulating gene expression through genomic imprinting and X chromosome inacti‐
vation, and confers genomic stability [4-7]. In this chapter, we focus primarily on genomic
imprinting, which is the preferential silencing of one of the parental alleles of a gene by epi‐
genetic DNA methylation since epigenetic modifications to some imprinted genes cause dis‐
eases such as Beckwith-Wiedemann syndrome and Prader-Willie syndrome. For example,
the expression level of the H19 imprinted gene is regulated by an upstream differentially
methylated region (DMR), and epigenetic alterations to the DMR result in Beckwith-Wiede‐
mann syndrome [8-10]. The H19 mRNA is transcribed from the unmethylated maternal al‐
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lele but is not transcribed from the methylated paternal allele (Fig. 1). In contrast, DMRs of
Peg1 (Mest), Snrpn and Igf2r are methylated in the maternal allele and unmethylated in the
paternal allele. Genomic imprinting is very stable except for the period when the reprogram‐
ming of genomic imprinting takes place in germline cells [11]. For the establishment and
maintenance of DNA methylation, the cytosine-guanine (CpG) DNA methyltransferases
(Dnmts), Dnmt1, Dnmt3a, and Dnmt3b, are the main factors that coordinately regulate CpG
methylation in the genome [12-14]. Dnmt1 is involved in maintenance activity, while
Dnmt3a and Dnmt3b are responsible primarily for the creation of new methylation patterns.

Figure 1. Regulation of gene expression in the H19 imprinted gene.

3. Epigenetic instability in preimplantation embryos

In general, ES cells, especially human ES cells, are generated from blastocyst stage embryos
that are produced by in vitro manipulations such as IVF and IVC. However, in vitro manipulat‐
ed embryos may already possess epigenetic abnormalities because the culture conditions of
fertilized embryos can influence the methylation state. For example, a sub-optimal culture me‐
dium (e.g., Whitten’s medium) can cause aberrant genomic imprinting of the H19 gene [15],
and culture medium supplemented with fetal calf serum alters mRNA expression of imprinted
genes [16]. Our recent study suggests that altered DNA methylation due to IVC conditions oc‐
curs not only in imprinted genes but also in genome-wide repetitive sequences, such as major
and minor satellite sequences [17]. Thus, alteration of DNA methylation can occur in response
to various factors, from the moment when embryos are collected from the oviducts or uterus.

4. Epigenetic instability in ES cells during prolonged culture

ES cells are established from the inner cell mass (ICM) of blastocyst stage embryos [18,19]. Once
ES cell lines are established, they can be maintained for long periods of time and used for sever‐
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al applications. However, ES cells lose their pluripotency during prolonged in vitro culture
[20]. Several studies indicate that the accumulation of epigenetic alterations over time is corre‐
lated with the loss of pluripotency in ES cells. Dean et al. reported that epigenetic alterations
that occur in ES cells persist to later developmental stages and are associated with aberrant
phenotypes in completely ES cell-derived mice [21]. Humpherys et al. show that variation in
imprinted gene expression is observed in most cloned mice derived from ES cell donors, even
those derived from ES cells of the same subclone [22]. Such epigenetic drift of imprinted genes
was also observed in our experiments during prolonged culture of mouse ES cells (Fig. 2): DNA
methylation of four imprinted genes, Peg1, Snrpn, Igf2r and H19, was unstable during cell cul‐
ture (P3-30), even in the same cell line, over time. Minoguchi and Iba reported that retroviral
DNA that is introduced into mouse ES cells is progressively silenced by DNA methylation;
however, a substantial amount of retroviral DNA is reversibly reactivated by DNA demethyla‐
tion [23]. Such epigenetic drift has also been observed in human ES cells, depending on the
method of establishment and the culture conditions [24].

Figure 2. Epigenetic drift of imprinting methylations in fertilized embryo-derived ES cells. A. Combined bisulfite restriction
analysis (COBRA) was conducted for three fertilized embryo-derived ES cell lines (B6-2, B6-6 and B6-8) during prolonged in
vitro culture (P3, P10 and P30). The maternally methylated imprinted genes Peg1, Snrpn and Igf2r, and the paternally me‐
thylated imprinted gene, H19, were examined. B. Summary of imprinting methylations during prolonged culture of ES
cells. dig, digestion by restriction enzymes; u, unmethylated PCR products; m, methylated PCR products.
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5. Epigenetic differences between male and female ES cells

Large differences in epigenetic  drift  have been observed between male (XY) and female
(XX)  mouse  ES  cells.  Global  demethylation,  including  imprinted  genes  and  satellite  re‐
peats,  occurred  more  frequently  in  female  ES  cell  lines  compared to  male  ES  cell  lines
[21,  25].  This  global  demethylation  reflects  the  number  and state  of  X  chromosomes  in
ES cells. In general, both X chromosomes are active in female ES cells, whereas male ES
cells have only one active X chromosome. The X chromosome state in female ES cells is
thought  to  lead  to  downregulation  of  DNA  methyltransferases  (Dnmt3a  and  Dnmt3b)
and,  ultimately,  to  global  hypomethylation  [25].  Thus,  DNA  methylation  of  imprinted
genes  and  repetitive  sequences  are  gained  or  lost  at  high  rates  even  in  clonal  popula‐
tions of ES cells, and these alterations may have deleterious effects on phenotypes of ES
cell-derived animals or tissues.

6. Epigenetic differences between vivo and vitro ES cells

6.1. Methylation state of vivo and vitro ES cells

In human ES cells, several studies have recently provided evidence for the efficient induc‐
tion of endoderm, mesoderm, and ectoderm, and many of their downstream derivatives
[26], and these reports offer broad possibilities for regenerative medicine. However, all hu‐
man ES cell lines are established from in vitro manipulated embryos that often show abnor‐
mal genomic imprinting, which can lead to an increase in the frequency of diseases.
Therefore, we have compared the methylation state of imprinted genes and the gene expres‐
sion patterns of both Vivo and Vitro ES cell lines in mice [1].

Although the genomic imprinting is maintained during preimplantation development, nor‐
mal imprinting can occasionally be disrupted in preimplantation embryos during IVC, re‐
sulting in biallelic expression of the H19 gene [15,27]. To investigate whether Vitro ES cells
take on abnormal imprinting from IVC blastocysts, we performed methylation analysis of
the H19 DMR for early passage (P2) cells (Fig. 3). COBRA analysis shows that the H19 DMR
is significantly demethylated in Vitro ES cells compared to Vivo ES cells. The Igf2r DMR2
also showed significant differences among Vitro vs. Vivo ES cells, but significant differences
in the methylation of Snrpn and the major satellite repeats were not detected.

In additional experiments, both Vivo and Vitro ES cells were passaged several more times,
and the methylation state of imprinted genes and satellite repeats was investigated at later
passages (P5) (Fig. 3). Results from COBRA analysis at P5 showed no significant differences
between Vivo and Vitro ES cells. Even Vivo ES cells exhibited highly demethylated alleles.
In contrast, some Vitro ES cells had an almost normally methylated allele. This result indi‐
cates that the methylation state of ES cells at later passages depends more on the character of
the individual cell lines than on the origin of the ES cells.
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6.2. Gene expression of vivo and vitro ES cells

We assessed gene expression patterns in ES cells at early and late passages by quantitative
real-time RT-PCR. The expression of Oct3/4 mRNA, a pluripotent cell marker, was signifi‐
cantly higher in early passage Vivo ES cells than in Vitro ES cells, whereas other pluripotent
marker genes, Nanog and Stella, showed no significant differences in expression levels be‐
tween the two types of ES cells. Among the methylation-related genes, mRNA expression of
the de novo DNA methyltransferase, Dnmt3b, was significantly higher in Vivo ES cells. Ex‐
pression of growth arrest and DNA damage-inducible protein 45 beta (Gadd45b), which is a
putative demethylation factor [28,29], is higher in Vitro ES cells. Thus, mRNA expression
patterns of several methylation-related genes tended to shift, resulting in the promotion of
demethylation and the inhibition of methylation in Vitro ES cells. In contrast, at later passag‐
es, no significant differences between Vivo and Vitro ES cells were found with respect to the
pluripotent marker genes and methylation-related genes that were examined.

Figure 3. Epigenetic differences between Vivo and Vitro ES cells. DNA methylation status of imprinted genes, H19,
Snrpn and Igf2r, and major satellite repeats were examined by COBRA in each ES cell line at an early passage (P2) and
a later passage (P5). These graphs summarize previously reported data [1]. *, P < 0.05.
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7. Epigenetic instability in SCNT and uniparental ES cells

7.1. SCNT ES cells

Maintenance of the normal epigenetic state in SCNT-ES cells is crucial for their use in thera‐
peutic applications. We established two SCNT-ES cell lines from embryos that were pro‐
duced by introducing mouse embryonic fibroblast (MEF) donor cells into enucleated
oocytes. Only two ES cell lines were generated by SCNT, which give a small sample size to
examine, but the DNA methylation state of imprinted genes seems to be more severely al‐
tered compared to normal ES cell lines at early passages (Fig. 2 and Fig. 4). The abnormal
DNA methylation in SCNT-ES cells undergoes further changes during prolonged culture
(P10 and P30). For example, the imprinting methylation of the Snrpn gene has been com‐
pletely lost in both the Nt-1 and Nt-2 lines, and that of the H19 gene has been completely
lost in the Nt-1 line (Fig. 4). Chang et al. reported that the H19 imprinted gene displays dis‐
tinct abnormalities both in SCNT-ES and fertilized embryo-derived ES cell lines after long-
term culture in vitro, and both exhibit indistinguishable DNA methylation patterns of the
imprinted gene [30]. Nevertheless, methylation imprints vary widely in cultured donor cells
and their derivative cloned mice, even across the same subclone of donor cells [22]. In fact,
results from previous studies indicate that the methylation state of imprinted genes is fre‐
quently disrupted in SCNT embryos and their derivative cloned animals [31,32]. In addition,
the process of nuclear transfer itself could alter the DNA methylation and gene expression
[33]. Thus, the epigenetic marks in SCNT-ES cells may potentially be varied and altered
compared to normal ES cells, at least in early passages.

7.2. Uniparental (parthenogenetic) ES cells

We and other groups have suggested that parthenogenetic ES (PgES) cells may be a plu‐
ripotent stem cell that could serve as a source of tissue for transplantation [34-36]. PgES
cells  do not require the destruction of  viable biparental  embryos as do normal ES cells.
In addition, PgES cells do not need viruses or expression plasmids for the establishment
of  iPS cells.  These are  very powerful  advantages for  therapeutic  applications.  However,
the biased epigenetic status and poor pluripotency of parthenogenetic cells are major is‐
sues  to  be  overcome.  PgES cells  are  established from parthenogenetic  embryos  that  are
produced by the artificial activation of the oocyte. Therefore, PgES cells that possess only
maternal  genomes  could  exhibit  biallelic  or  silenced  expression  of  imprinted  genes,
which  causes  poor  pluripotency.  Indeed,  parthenogenetic  embryos  show  poor  growth
and restricted tissue contribution in chimeras [37,38]. However, established PgES cells ex‐
hibit an improved contribution to chimeras, compared to chimeras derived from parthe‐
nogenetic  embryos  [39].  Recent  reports  have  shown that  loss  of  imprinting  occurred in
PgES cells  and derivative  somatic  cells  in  chimeras  and led to  changes  in  the  gene ex‐
pression  of  imprinted  genes  and  improved  pluripotency  [2,40].  For  example,  Peg1  and
Snrpn  genes are originally silenced in parthenogenetic cells,  whereas expression of these
genes  is  elevated  in  PgES  cells  by  demethylation  of  the  DMR  of  each  gene.  PgES  cell
lines that were reprogrammed by loss of imprinting are closest to normal ES cell lines in
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terms of gene expression pattern and pluripotency. Thus, reprogrammed PgES cells will
provide a good tool for therapeutic applications. This is a case in which epigenetic insta‐
bility  in  ES  cells  resulted  in  a  desirable  outcome.  However,  epigenetic  instability  in  ES
cells most often leads to undesirable results.

Figure 4. Epigenetic instability in SCNT-ES cells during prolonged culture. Methylation in two SCNT ES cell lines (Nt-1
and Nt-2) was examined by COBRA during prolonged in vitro culture (P3, P10 and P30).

8. Effect of altered DNA methylation on pluripotency and disease

In humans, a growing number of reports suggest that children born following ART have an
increased risk of developing epigenetic diseases such as Beckwith-Wiedemann syndrome
[41,42] and Angelman Syndrome [43], which are caused by epigenetic modifications of im‐
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printed genes. In sheep, epigenetic changes in the Igf2r imprinted gene are associated with
fetal overgrowth after IVC [44]. Genome-wide altered DNA methylation also causes epige‐
netic diseases. For example, genome-wide DNA hypomethylation is commonly observed in
human cancers and schizophrenia, and occasionally induces tumors in mice [45-47]. More‐
over, hypomethylation in the classical DNA satellites II and III, which are major components
of constitutive heterochromatin, is found in ICF (immunodeficiency, centromeric instability,
facial anomalies) syndrome in humans [48].

How do these abnormalities in ES cells affect chimeric mice or ES cell-derived tissues? Sev‐
eral studies have indicated that the accumulation of epigenetic alterations during prolonged
culture causes a loss of pluripotency in ES cells [21,49]. In chimeras, prolonged culture of ES
cells gives rise to abnormalities and frequently results in postnatal death of chimeras pos‐
sessing a high ES cell contribution [20]. One reason for these problems could be that a loss of
imprinting enhances tumorigenesis. In fact, mice derived from ES cells that had a global loss
of DNA methylation display widespread cancer formation [50].

9. Candidate genes that cause altered DNA methylation

9.1. DNA methyltransferases

The most important factors for the maintenance of DNA methylation are the DNA meth‐
yltransferases.  Three  CpG DNA methyltransferases,  Dnmt1,  Dnmt3a and Dnmt3b,  coor‐
dinately regulate CpG methylation in the genome [12-14]. Deletion of Dnmt1, Dnmt3a or
Dnmt3b  induces  hypomethylation  of  genomic  DNA  [14,51],  and  forced  expression  of
Dnmts  causes  genomic  hypermethylation  [52-54].  One  of  the  Dnmt  family  members,
Dnmt3L, is not expressed in differentiated somatic cells but is expressed in ES cells.  Al‐
though Dnmt3L lacks the functional  domains required for  catalytic  activity,  overexpres‐
sion  or  downregulation  of  Dnmt3L  results  in  changes  in  DNA  methylation  in  ES  cells
[55]. Thus, the upregulation or downregulation of Dnmts could cause epigenetic instabili‐
ty in ES cells.  Indeed, hypomethylation in XX ES cells  is  associated with reduced levels
of Dnmt3a and Dnmt3b, which is the result  of both X chromosomes being in the active
state [25]. Among Dnmts, a number of alternative splicing variants that lack the regulato‐
ry and/or catalytic  regions have been reported.  In particular,  Dnmt3b has nearly 40 dif‐
ferent  isoforms generated by alternative splicing and/or  alternative promoter  usage.  We
recently  reported  that  murine  Dnmt3b  lacking  exon  6  (exon  5  in  human)  is  highly  ex‐
pressed in  in  vitro  manipulated embryos  and their  derivative  ES cells  that  exhibit  CpG
hypomethylation [17]. Gopalakrishnan et al. reported that this isoform is expressed in tu‐
mor  and iPS  cells,  and that  ectopic  overexpression resulted in  repetitive  element  hypo‐
methylation [56].  Similarly,  forced expression of  human specific  DNMT3B4,  which lacks
a  catalytic  domain,  induced DNA demethylation  on  satellite  2  in  pericentromeric  DNA
[57].  These  reports  indicate  that  Dnmts  have  complex  roles  in  the  maintenance  of  the
DNA methylation state. If this balance collapses, epigenetic instability will result.
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9.2. Other methylation factors

Other new methylation factors are Stella (PGC7) and Zfp57. Stella (PGC7), a primordial
germ cell and ES cell marker, protects against DNA demethylation in early embryogenesis
[58]. Zfp57, a putative KRAB zinc finger protein, is also required for the post-fertilization
maintenance of maternal and paternal methylation at multiple imprinted domains [59]. Re‐
ductions of the levels of these factors could induce hypomethylation of DNA in ES cells.

9.3. Active demethylation factors

Active DNA demethylation via the base excision repair pathway has recently been proposed
in mammals. In zebrafish, the coupling of a deaminase (activation-induced cytidine deami‐
nase, AID), a glycosylase (methyl-CpG binding domain protein 4, MBD4), and Gadd45 is in‐
volved in DNA demethylation [60]. In mammals, AID is indeed required for
reprogramming of the somatic cell genome by demethylation of pluripotency genes in ES-
somatic cell fusion [61]. Gadd45 also promotes epigenetic gene activation by repair-mediat‐
ed demethylation in mammals [28,29]. A Gadd45b gene is activated in Vitro ES cells that
possess hypomethylated imprinted genes and repetitive sequences [1]. Another recently
proposed demethylation pathway is the conversion of 5-methylcytosine (5-mC) to 5-hydrox‐
ymethylcytosine (5-hmC) mediated by the Ten-eleven translocation (TET) proteins, which
ultimately results in DNA demethylation [62-63]. In fact, the TET proteins (Tet1 and Tet2)
that regulate 5-hmC production [64] are abundantly expressed in ES cells and may be a
cause of epigenetic instability in ES cells.

9.4. Chromatin structure specific to ES cells

In ES cells, bivalent domains of chromatin, that regulate several key developmental genes,
contain both repressive (histone H3 lysine 27 methylation) and activating (histone H3 lysine
4 methylation) histone modifications that are usually mutually exclusive [65]. Bivalent do‐
mains silence developmental genes in ES cells while preserving their potential to become ac‐
tivated upon initiation of specific differentiation programs. DNA methylation was thought
to determine the chromatin structure; however, recent reports suggest that chromatin can af‐
fect DNA methylation and demethylation [66-67]. Therefore, bivalent chromatin modifica‐
tions specific to ES cells could be associated with DNA methylation instability.

10. Conclusion

ES cells exhibit instabilities in DNA methylation that are correlated with the origin of the
blastocysts from which they were derived (in vivo, in vitro, SCNT and uniparental), the cul‐
ture conditions, sex, and prolonged culture. Epigenotyping of ES cells should be adopted as
a prerequisite safety evaluation before their use in chimera production or therapeutic appli‐
cations. Furthermore, genes associated with aberrant DNA methylation should be moni‐
tored in ES cell lines to ensure that the cells do not accumulate epigenetic instabilities.
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Nomenclature

5-hmC, 5-hydroxymethylcytosine; 5-mC, 5-methylcytosine; AID, activation-induced cytidine
deaminase; COBRA, Combined bisulfite restriction analysis; DMR, differentially methylated
region; Dnmt, DNA methyltransferase; ES, embryonic stem; Gadd45, Growth arrest and
DNA damage-inducible protein 45; ICM, inner cell mass; IVC, in vitro culture; IVF, in vitro
fertilization; MBD4, methyl-CpG binding domain protein 4; PgES, parthenogenetic ES;
SCNT, somatic cell nuclear transfer; TET, Ten-eleven translocation; Vitro ES, ES cells de‐
rived from in vitro manipulated embryos; Vivo ES, ES cells derived from embryos devel‐
oped in vivo.
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1. Introduction

The Kruppel-like factor family is a group of zinc finger containing transcription factors,
which are highly homologous with the Drosophila Kruppel protein. The feature that distin‐
guishes the KLF family from other zinc finger containing transcriptional factors is the pres‐
ence of three highly conserved C2H2 containing zinc finger motifs at the C-terminus [1-3].
These fingers enable KLFs to bind to the GC-box or CACCC-boxes on DNA with different
affinities [4]. KLF4, as a member of KLF family, expresses in a wide range of tissues in mam‐
mals, and plays a critical role in regulating a diverse array of cellular processes including
proliferation, differentiation, development, maintenance of normal tissue homeostasis and
apoptosis. KLF4 can also acts either as a tumor suppressor or an oncogene depending on
differing cellular context and cancer types.

The role that KLF4 plays in stem cell biology has attracted much more attention in recent
years. For instance, in 2006, Takahashi K et al [5] reprogrammed somatic cells into pluripo‐
tent stem cells using KLF4 in combination with three other transcription factors: Oct4, Sox2
and c-Myc. Numerous recent literatures have further proved that KLF4 is essential for both
embryonic stem (ES) cells self-renewal and maintenance, additionally our recent work re‐
vealed a critical role of KLF4 in maintenance of breast cancer stem cells [6]. Furthermore, we
found that KLF4 is expressed in mouse skin hair follicle stem cells and such expression con‐
tributed to mouse cutaneous wound healing [7]. In this review, functions of KLF4 in stem
cells, especially breast cancer stem cells and mouse hair follicle stem cells will be discussed,
and the signaling pathways possibly involved will be addressed as well.

2. Identification and characterization of KLF4

Mouse KLF4 was first identified in 1996 independently by two groups and separately given
two different names - GKLF (gut enriched Kruppel like factor):due to its high expression in the
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1. Introduction

The Kruppel-like factor family is a group of zinc finger containing transcription factors,
which are highly homologous with the Drosophila Kruppel protein. The feature that distin‐
guishes the KLF family from other zinc finger containing transcriptional factors is the pres‐
ence of three highly conserved C2H2 containing zinc finger motifs at the C-terminus [1-3].
These fingers enable KLFs to bind to the GC-box or CACCC-boxes on DNA with different
affinities [4]. KLF4, as a member of KLF family, expresses in a wide range of tissues in mam‐
mals, and plays a critical role in regulating a diverse array of cellular processes including
proliferation, differentiation, development, maintenance of normal tissue homeostasis and
apoptosis. KLF4 can also acts either as a tumor suppressor or an oncogene depending on
differing cellular context and cancer types.

The role that KLF4 plays in stem cell biology has attracted much more attention in recent
years. For instance, in 2006, Takahashi K et al [5] reprogrammed somatic cells into pluripo‐
tent stem cells using KLF4 in combination with three other transcription factors: Oct4, Sox2
and c-Myc. Numerous recent literatures have further proved that KLF4 is essential for both
embryonic stem (ES) cells self-renewal and maintenance, additionally our recent work re‐
vealed a critical role of KLF4 in maintenance of breast cancer stem cells [6]. Furthermore, we
found that KLF4 is expressed in mouse skin hair follicle stem cells and such expression con‐
tributed to mouse cutaneous wound healing [7]. In this review, functions of KLF4 in stem
cells, especially breast cancer stem cells and mouse hair follicle stem cells will be discussed,
and the signaling pathways possibly involved will be addressed as well.

2. Identification and characterization of KLF4

Mouse KLF4 was first identified in 1996 independently by two groups and separately given
two different names - GKLF (gut enriched Kruppel like factor):due to its high expression in the
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gastrointestinal tract [8], and EZF (epithelial zinc finger) since it was highly expressed in differ‐
entiated epithelial cells of the skin [9]. Human KLF4 cDNA was cloned from human umbilical
vein endothelial cell cDNA library [10] and later renamed as KLF4 to avoid confusion.

The human KLF4 gene locus is mapped on chromosome 9q31 whereas mouse KLF4 is on
chromosome 4B3. Mouse KLF4 has a single ORF of 1449 bp that encodes a polypeptide of
483 amino acids with a predicted molecular weight of 53 Kd; while human KLF4 has an ORF
of 1444 bp coding for a 470 amino acid protein with an estimated molecular mass 50 Kd. At
the amino acid level the human and mouse KLF4 are shown to have 91% sequence similari‐
ty. The three tandem zinc finger motifs are conserved completely in the human and mouse
sequences. Except skin and colon [8, 9], KLF4 is also found in lung, testis, small intestine [8,
9], thymus [11], cornea [12], cardiac myocytes [13] and lymphocytes [14]. In testis, four KLF4
transcripts with alternative polyadenylation were found and they generated different RNA
species in various testicular cells, strongly suggesting translational regulation of KLF4 in
spermatogenesis [15, 16].

3. General functions of KLF4

3.1. Inhibition of cell proliferation

KLF4 is known to induce growth arrest, inhibiting cell proliferation by regulating the expres‐
sion of key cell cycle genes. Elevated expression of KLF4 in NIH3T3 subjected to serum starva‐
tion [8] has been shown to inhibit DNA synthesis. Microarray analysis confirms that a number
of genes were up- or down-regulated upon KLF4 induction, most of which are involved in cell
cycle control [17]. For example, the expression of cell cycle inhibitor p21/Cip1 was elevated
[18], while cell cycle promoter Cyclin D1 was depressed [19]. KLF4 has been shown to inhibit
cell proliferation by blocking G1/S progression of the cell cycle and to mediate p53 dependent
G1/S cell cycle arrest in response to DNA damage [20, 21]. Furthermore, KLF4 plays an impor‐
tant role in maintaining the integrity of the G2/M checkpoint following DNA damage. While
wild type HCT 116 colon cancer cells were arrested at the G2/M phase checkpoint upon γ-irra‐
diation, p53 -/- cells were able to enter M phase even after irradiation. It was observed that upon
introduction of KLF4 into p53 -/- cells, the mitotic indices were considerably reduced and the
Cyclin B1 levels were also risen [22]. These studies suggest that KLF4 is a critical factor in regu‐
lating entry of the cells into the mitotic phase. Finally, KLF4 was found both necessary and suf‐
ficient in preventing centrosome amplification following γ–irradiation-induced DNA damage
by transcriptionally suppressing cyclin E expression [23].

3.2. Promotion of cell differentiation

Microarray analysis has shown that many keratin genes were upregulated on KLF4 induction,
indicating its role in epithelial differentiation. Additionally, KLF4 has been reported to transac‐
tivate promoters of epithelial genes including CYP1A1 [24], laminin α 3A [25], laminin 1 [26],
keratin 4 [27], keratin 19 [28]. Recent studies demonstrated that KLF4 plays a vital role in goblet
cell differentiation in the intestine [29, 30], conjunctiva [31], and also in the formation of the epi‐
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thelial barrier of the skin [32]. KLF4 null mice died one day after birth due to loss of barrier func‐
tion of the skin. It appears that KLF4 influences the formation of the cornified envelope in the
late-stage differentiation process that was supported by upregulation of Sprr2a, a cornified en‐
velope gene, in KLF4 knockout mice. Two additional cornified envelope proteins: repetin (en‐
coded by Rptn) and plasminogen activating inhibitor 2 (encoded by Planh2) were found later.
KLF4 may regulate these genes resulting in an imbalance in cornified envelope assembly or
composition, thereby altering the structural scaffold on which the lipid lamellae are organized.
A differential role of KLF4 has also been reported in smooth muscle cells [33], monocytes [34],
testes [15], T cells [11, 35] and murine tooth development [36].

3.3. Other functions

KLF4 is thought to be involved in chronic inflammatory disease since it has been shown to
mediate proinflammatory signaling in human macrophages in vitro [37, 38] and regulate the
expression of interleukin-10 in RAW264.7 macrophages [39]. KLF4 is also essential for differ‐
entiation of mouse inflammatory monocytes and involved in the differentiation of resident
monocytes [34, 40]. The inflammation-selective effects of loss-of-KLF4 and gain-of-KLF4-in‐
duced monocytic differentiation in HL60 cells identify KLF4 as a key regulator of monocytic
differentiation and a potential target for translational immune modulation [40]. KLF4 posi‐
tively regulates human ghrelin expression [41], which is expressed in the gastrointestinal
tract. In addition, it was found that KLF4 is an immediate early gene for Nerve Growth Fac‐
tor [42]. A recent study showed that glutamatergic stimulation can trigger rapid elevation of
KLF4 mRNA and protein levels, and that the over expression of KLF4 can regulate neuronal
cell cycle proteins and sensitize neurons to NMDA-induced caspase-3 activity [43]. Another
study demonstrated that KLF4 is involved in regulating the proliferation of CD8+ cells [44].
The transcription factor ELF4 directly activated the tumor suppressor KLF4 'downstream' of
T cell antigen receptor signaling to induce cell cycle arrest in naive CD8+ T cells [44].

KLF4 has been implicated in the regulation of apoptosis [45, 46]. During DNA damage, cells
can take two routes - either pass into the next phase overcoming the checkpoint or get ar‐
rested at the checkpoint and activates the repair machinery. As discussed previously, over
expression of KLF4 in RKO colon cancer cells, when subjected to UV radiation, reduced the
percentage of apoptotic cells [47]. In esophageal cancer cell lines, KLF4 has been shown to
bind to the promoter and repress the activity of the surviving gene in vivo [48], which is nec‐
essary for caspase inactivation and therefore acts as a negative regulator of apoptosis.

4. KLF4 in stem cell biology

4.1. KLF4 function in embryonic stem cells

Embryonic stem (ES) cells are characterized by a self-renewal ability and pluripotency. Self-
renewal is the capability of ES cells to be maintained in a proliferative state for prolonged
periods of time, whereas pluripotency is the ability of ES cells to differentiate into a diverse
array of specialized cell types. It has been shown that self renewal and maintenance of pluri‐
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introduction of KLF4 into p53 -/- cells, the mitotic indices were considerably reduced and the
Cyclin B1 levels were also risen [22]. These studies suggest that KLF4 is a critical factor in regu‐
lating entry of the cells into the mitotic phase. Finally, KLF4 was found both necessary and suf‐
ficient in preventing centrosome amplification following γ–irradiation-induced DNA damage
by transcriptionally suppressing cyclin E expression [23].
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Microarray analysis has shown that many keratin genes were upregulated on KLF4 induction,
indicating its role in epithelial differentiation. Additionally, KLF4 has been reported to transac‐
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KLF4 may regulate these genes resulting in an imbalance in cornified envelope assembly or
composition, thereby altering the structural scaffold on which the lipid lamellae are organized.
A differential role of KLF4 has also been reported in smooth muscle cells [33], monocytes [34],
testes [15], T cells [11, 35] and murine tooth development [36].
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KLF4 is thought to be involved in chronic inflammatory disease since it has been shown to
mediate proinflammatory signaling in human macrophages in vitro [37, 38] and regulate the
expression of interleukin-10 in RAW264.7 macrophages [39]. KLF4 is also essential for differ‐
entiation of mouse inflammatory monocytes and involved in the differentiation of resident
monocytes [34, 40]. The inflammation-selective effects of loss-of-KLF4 and gain-of-KLF4-in‐
duced monocytic differentiation in HL60 cells identify KLF4 as a key regulator of monocytic
differentiation and a potential target for translational immune modulation [40]. KLF4 posi‐
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tract. In addition, it was found that KLF4 is an immediate early gene for Nerve Growth Fac‐
tor [42]. A recent study showed that glutamatergic stimulation can trigger rapid elevation of
KLF4 mRNA and protein levels, and that the over expression of KLF4 can regulate neuronal
cell cycle proteins and sensitize neurons to NMDA-induced caspase-3 activity [43]. Another
study demonstrated that KLF4 is involved in regulating the proliferation of CD8+ cells [44].
The transcription factor ELF4 directly activated the tumor suppressor KLF4 'downstream' of
T cell antigen receptor signaling to induce cell cycle arrest in naive CD8+ T cells [44].

KLF4 has been implicated in the regulation of apoptosis [45, 46]. During DNA damage, cells
can take two routes - either pass into the next phase overcoming the checkpoint or get ar‐
rested at the checkpoint and activates the repair machinery. As discussed previously, over
expression of KLF4 in RKO colon cancer cells, when subjected to UV radiation, reduced the
percentage of apoptotic cells [47]. In esophageal cancer cell lines, KLF4 has been shown to
bind to the promoter and repress the activity of the surviving gene in vivo [48], which is nec‐
essary for caspase inactivation and therefore acts as a negative regulator of apoptosis.

4. KLF4 in stem cell biology

4.1. KLF4 function in embryonic stem cells

Embryonic stem (ES) cells are characterized by a self-renewal ability and pluripotency. Self-
renewal is the capability of ES cells to be maintained in a proliferative state for prolonged
periods of time, whereas pluripotency is the ability of ES cells to differentiate into a diverse
array of specialized cell types. It has been shown that self renewal and maintenance of pluri‐
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potency in mouse ES cells requires leukemia inhibitory factor (LIF). LIF is a member of the
IL6 cytokine family and is used to maintain ES cell cultures in an undifferentiated state
through activation of the Stat3 gene. Oct4, Sox2, and Nanog are all thought to be the master
regulators of ES cell pluripotency. Although Oct4 and Sox2 are not direct targets of Stat3
[49], they have been identified as two essential transcription factors that form a heterodimer
which binds to the Nanog promoter and regulates the expression of downstream genes that
contribute to the maintenance of self-renewal [50]. KLF4 acts as a fast responding mediator
to LIF-Stat3 signal changes, and directly binds to the promoter of Nanog to help Oct4 and
Sox2 in regulating the expression of Nanog [51]. This observation confirms the critical role
of KLF4 in ES cell self renewal as well as pluripotency.

4.2. KLF4 function in generation of induced pluripotent stem cells

ES cells are believed to hold great promise for regenerative medicine due to their unique
ability to differentiate into any cell type. However, the application of human eggs or em‐
bryos encounters big ethical problems. This dilemma was broken in 2006 by Dr. Shinya Ya‐
manaka’s group. They picked four transcription factors, including Oct4, Sox2, c-Myc, and
KLF4, to introduce into mouse embryonic fibroblasts via retroviral transfection [5]. The
modified embryonic fibroblasts were found to be reprogrammed to a pluripotent state simi‐
lar to that observed in ES cells. Later the finding was further confirmed by using either
mouse or human adult fibroblasts [52-57]. The discovery of these “induced pluripotent stem
cells” (iPS cells) was regarded as a great achievement in stem cell research and gave new
insights into the feasibility of clinical application of stem cells.

A panel of assays has been performed to compare iPS cells with ES cells in morphology,
surface  marker  expression,  epigenetic  status,  formation  of  embryoid  bodies  in  vitro,  di‐
rected differentiation into neural cells and beating cardiomyocytes, teratoma formation in
vivo  and chimera  contribution.  The  results  indicated that  iPS  cells  resemble  ES  cells  by
all  measured  criteria.  Not  only  fibroblasts,  but  also  other  terminally  differentiated  cells
can  be  reprogrammed  to  pluripotent  cells  [58].  After  the  introduction  of  pluripotency
from terminally  differentiated  cells,  the  applications  of  the  iPS  cells  have  also  been  ex‐
plored. By using a humanized sickle cell anemia mouse model, mice can be rescued after
transplantation with hematopoietic  progenitors obtained from autologous iPS cells  in vi‐
tro.  Mechanistically,  the rescue was due to the correction of  the human sickle hemoglo‐
bin allele by gene specific targeting.  This report provides the first  proof of principle for
using iPS cells for disease treatment in mice [59] and demonstrates the therapeutic poten‐
tial of iPS cells for human diseases.

Although iPS cells based on somatic cells avoid ethical issues, the use of oncogenes and ret‐
rovirus still raised safety concerns. For example, reactivation of the c-Myc retrovirus, in‐
creased tumorigenicity in the chimeras and progeny mice, hindering clinical applications
[60]. Another problem is that iPS cells are refractory to differentiation and thereby increase
the risk of immature teratoma formation after directed differentiation and transplantation
into patients. Even if only a small portion of cells within each iPS cell clone shows impaired
differentiation, then those cells might be sufficient to produce immature teratomas [61].
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Nevertheless, the iPS cell technology potentially can overcome two important obstacles as‐
sociated with human ES cells: immune rejection after transplantation and ethical concerns
regarding the use of human embryos [61]. The advantage of iPS cell technology is that iPS
cells can be generated using a few programming factors in any laboratory using standard
techniques and equipment. Establishment of a stable and self-sustainable ES-specific tran‐
scriptional regulatory network is essential for reprogramming [62]. iPS cells still have the
scope for clinical applications provided that proper ways are established to precisely evalu‐
ate each iPS cell clone and to select appropriate sub clones prior to clinical application.

4.3. KLF4 function in breast Cancer Stem Cells (CSC)

Cancer stem cells (CSCs) are a subpopulation of tumor cells that possess the stem cell prop‐
erties of self renewal and differentiation, which allows them to generate the heterogeneous
lineages of cancer cells that comprise the tumor. In 1997, a hierarchy in human acute mye‐
loid leukemia cells was first reported, which improved the understanding of tumorigenesis
and cast new light on cancer therapy [63]. CSCs in other types of hematological malignan‐
cies were identified later, and then CSC research was expanded to solid tumors shortly after.
The identification of CSCs in solid tumors depends on specific biomarker. Recently, CSCs
have been identified in numerous solid tumors, including pancreas [64], colon [65], prostate
[66], bladder [67], lung [68] and breast cancer [69].

In  breast  cancer  the  first  evidence  of  CSC was based on a  combination of  specific  cell-
surface antigen profile CD44+/CD24-/Lin- in 2003 [69]. More recently, aldehyde dehydro‐
genase (ALDH) was used as stem cell marker in a series of 577 breast carcinoma and 33
human breast cell lines [70]. ALDH is a detoxifying enzyme that oxidizes intracellular al‐
dehydes and is thought to play a role in the differentiation of stem cells via the metabo‐
lism  of  retinal  to  retinoic  acid  [71].  Side  population  (SP)  was  also  defined  as  a
characteristic of breast CSC, which indicated an inherently high resistance to chemothera‐
peutic agents [72].  Since the CSCs have the capacity for self-renewal, differentiation into
multiple cancer cell lineages, extensive proliferation as normal stem cells, and are respon‐
sible for tumor recurrence and chemotherapeutic resistance,  it  is  necessary to figure out
the key regulators  and related signaling pathways that  regulate  the CSC in the process
of carcinogenesis and tumor metastasis.

As discussed previously, KLF4 plays a critical role in ES self renewal and pluripotency, and
is one of the four transcription factors creating iPS cells. Therefore, it’s very worthy to ex‐
plore the relationship between KLF4 and breast CSCs along with underlying mechanisms.
Our recent work provides evidence for the first time that KLF4 is essential for the mainte‐
nance of breast CSCs and cell migration and invasion [7]. This evidence may offer important
clues to understand how KLF4 promotes breast cancer development.

Earlier reports have shown that elevated KLF4 expression is detected in nearly 70% of breast
carcinomas and that nuclear localization of KLF4 is associated with a more aggressive phe‐
notype in early-stage breast cancer [73, 74]. However, the ability of KLF4 to initiate aggres‐
sive tumors in vivo has not been examined yet. Our study showed that KLF4 was highly
expressed in CSC-enriched populations in mouse primary mammary tumor and human
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breast cancer cell lines (Figure 1). Knockdown of KLF4 in breast cancer cell MCF-7 and
MDA-MB-231 inhibits cell migration, invasion and adhesion in vitro, and the self-renewal of
breast CSCs (Figure 2). Tumor growth in mouse xenograft mode was suppressed as well
(Figure 3), suggesting that KLF4 could act as an oncogenic protein in breast cancers.

Figure 1. KLF4 was highly expressed in CSC-enriched population. (a) KLF4 expression was examined in adherent cells
and mammospheres of primary tumors originated from MMTV-Neu transgenic mice. Oct4 and Nanog were used as
positive and negative controls, respectively. (b) KLF4 expression was examined in SP and non-SP cells of MCF-7. The
symbol * indicates P<0.05 vs non-SP cells group. (c) KLF4 expression was determined in CD44+/CD24- and CD44-/
CD24- populations isolated by flow cytometry. The symbol * indicates P<0.05 vs CD44-/CD24- group.

The anti-proliferative function of KLF4 is associated with inhibition of cell cycle promot‐
er  cyclin-D1  [19]  and activation  of  the  cell-cycle  inhibitor  p21/Cip1  [18].  Since  inactiva‐
tion  of  either  protein  not  only  neutralizes  the  cytostatic  effect  of  KLF4  but  also
collaborates  with  KLF4  in  oncogenic  transformation  [75],  thus  further  highlighting  the
importance of p21/Cip1. Although p21/Cip1 status might be a switch that determines the
tumor  suppressor  or  oncoprotein  function  of  KLF4,  the  exact  mechanism has  not  been
elucidated yet. Moreover, a cellular mechanism by which KLF4 contributes to the aggres‐
sive characteristics of breast cancers remains unknown. Our current studies indicate that
KLF4 is  required for  the  maintenance of  breast  CSCs and the  knockdown of  KLF4 sig‐
nificantly  decrease  the  self-renewal  of  breast  CSCs  by  examining  several  different  CSC
markers. Notably KLF4 exerted an anti-apoptotic function in many cancer cell lines, so it
is possible that the decreased CSC population upon KLF4 knockdown may be a result of
the increased apoptosis mediated by KLF4 reduction. However, the fact that cell viability
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of  KLF4  knockdown  cells  was  comparable  to  that  of  the  control  cells  would  argue
against this possibility. We have not performed limiting-dilution assays to determine the
tumor-initiating  capacities  of  CSC  cells  in  non-obese  diabetic/severe  combined  immu‐
nodeficiency  mice  yet,  which  is  a  traditional  method in  CSC studies.  Nevertheless,  our
results  not  only  provide  additional  experimental  support  for  the  important  function  of
KLF4 in  stem cell  biology,  but  also  are  important  for  breast  cancer  studies.  CSCs have
been shown to foster blood vessel formation and promote cell motility. They are also re‐
sistant to chemotherapy and radiotherapy [76] and have been implicated in breast cancer
metastasis that remains the number one cause of cancer-related mortality in women [77].
Our study suggested that  overexpression of  KLF4 was sufficient  to  drive cell  migration
and  invasion.  Additional  studies  on  the  mechanisms  by  which  KLF4  maintains  cancer
stem cell phenotype will be very helpful to develop novel therapeutic strategies targeting
KLF4 or the related signaling pathway to treat malignant breast cancer and metastasis.

Figure 2. Knockdown of KLF4 resulted in a reduced stem cell population and decreased self-renewal of breast cancer stem
cells. (a) Freshly isolated siCon and siKLF4 MCF-7 cells were labeled with CD24 (fluorescein isothiocyanate (FITC)) and CD44
(phycoerythrin (PE)) antibodies to identify CD44+/CD24-population using a FACSCalibur flow cytometer. (b) SP popula‐
tion in MCF-7 stable cells was determined by Hoechst 33342 efflux assays. (c) Left, MCF-7 cells (siCon and siKLF4) were
grown in ultra-low attachment surface plates at a density of 1000, 500, 200, and 100 per well. Assays were conducted after
10 days (left). The symbol * indicates P<0.05 vs siCon group. Right, primary (P1) and secondary (P2) mammosphere forma‐
tion under suspension culture conditions were evaluated in MCF-7 mammary tumor cell lines.
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elucidated yet. Moreover, a cellular mechanism by which KLF4 contributes to the aggres‐
sive characteristics of breast cancers remains unknown. Our current studies indicate that
KLF4 is  required for  the  maintenance of  breast  CSCs and the  knockdown of  KLF4 sig‐
nificantly  decrease  the  self-renewal  of  breast  CSCs  by  examining  several  different  CSC
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is possible that the decreased CSC population upon KLF4 knockdown may be a result of
the increased apoptosis mediated by KLF4 reduction. However, the fact that cell viability
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Figure 3. Knockdown of KLF4 reduced tumorigenesis in vitro and in vivo. (a) Colony-forming abilities of siCon and
siKLF4 cells were assessed. The symbol * indicates P<0.05 vs siCon group. (b) Tumor growth curves were plotted for
immunocompromised non-obese diabetic (NOD)/severe combined immunodeficiency (SCID) mice injected with KLF-
knockdown (siKLF4, solid line) and control cells (siCon, dashed line). Data are shown as mean size ± s.e.m. of tumors in
five mice per cell line.

The function of KLF4 in maintenance of CSCs has been further confirmed in our study by
using Kenpaullone, a small molecule inhibitor of KLF4. Previous work has demonstrated
that Kenpaullone is able to replace KLF4 in the reprogramming of primary and secondary
fibroblasts, and that Kenpaullone-induced iPS cells display characteristics of pluripotent ES
cells [78]. We tested KLF4 expression in Kenpaullone-treated breast cancer cell lines and
found that it decreased at both of the mRNA and protein levels. Additional reporter assays
showed that KLF4 promoter activity was significantly inhibited by Kenpaullone treatment,
suggesting that Kenpaullone-mediated downregulation of KLF4 occurred at a transcription‐
al level. KLF4 downregulation was also accompanied by decreased expression of two previ‐
ously reported down-stream targets [79, 80]: p53 and intestinal alkaline phosphatase. This
further validates the regulation of KLF4 by Kenpaullone. Since a maximal downregulation
of KLF4 was observed at a 4 h time point after Kenpaullone treatment, we postulate that
KLF4 may be an early responsive gene after Kenpaullone treatment, and after this point, the
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expression of KLF4 gradually recovered. Kenpaullone-treated cells possessed phenotypes
similar to KLF4 knockdown cells in our studies, which, from another point of view,
confirmed the indispensable role of KLF4 in CSCs and extended a function of Kenpaullone
from the induction of iPS cells to the maintenance of mammary CSCs.

Our research also indicates that KLF4 might promote epithelial-mesenchymal transition
(EMT) in breast cancers. EMT is a unique process by which epithelial cells undergo remarka‐
ble morphological changes (leading to increased motility and invasion) and believed to be
reminiscent of ‘cancer stem-like cells’, showing characteristics similar to many cancer sys‐
tems [81, 82]. It has been reported that KLF4 interacts with transforming growth factor-β, a
well established regulator of EMT [83], and β-catenin, one of the most important mesenchy‐
mal markers. Based on the pivotal role of KLF4 in CSCs, in combination with its links to the
transforming growth factor-β signaling pathway, we highly suspected that KLF4 improved
EMT in breast cancers. In our studies, KLF4 knockdown MCF-7 cells exhibited a well-spread
morphology, with the majority of cells forming a rounded, epithelial-like form and aggre‐
gating together in groups, a typical characteristic of mesenchymal to epithelial transition
[84] and a reversal of EMT. Fibronectin and vimentin, two critical mesenchymal-associated
markers, were both decreased in KLF4 downregulated cells, which were consistent with re‐
duced ability of migration and invasion of these cells. However, E-cadherin expression and
localization, a hallmark of the EMT phenotype, showed no significant difference after KLF4
was knocked down. Contrary to our results though, KLF4 was reported to inhibit EMT in
non-transformed MCF-10A cells by another group [85]. Our major argument is that
MCF-10A cells are spontaneously transformed cells with no potential of tumorigenesis.
Therefore, the results from MCF-10A cells may not be readily applicable to other mammary
tumor cells. In their study, MDA-MB-231 tumor cells with KLF4 overexpression had also
been used. However, results from our studies, using KLF4 knockdown and overexpression
stable cells, supported a positive connection between KLF4 and EMT. Clearly, more studies
are necessary to examine whether the difference of the two systems or the genetic back‐
ground of specific MDA-MB-231 clones contributes to the discrepancies between the previ‐
ously reported results and our current results.

4.4. KLF4 function in mouse hair follicle stem cells

Skin is renewed throughout life by proliferation of a multipotential stem cell population and
terminal differentiation of stem cell progeny. Epidermal renewal is thought to be controlled
by stem cells located either in the basal layer of the interfollicular epidermis (IFE) or in the
deepest portion of permanent hair follicle called bulge [86]. Mouse hair follicle stem cells
which reside in the hair follicle bulge are characterized by expression of CD34 and CD49
[87-89], retention of either DNA or histone labels over long periods [90, 91], and expression
of Leucine-rich repeats and immunoglobin-like domain protein 1 (Lrig1) [92, 93]. Wound
healing is an important response of skin in order that it might repair itself after an injury.
Regeneration of epidermis after wounding involves activation, migration and proliferation
of keratinocytes from both the surrounding epidermis and the adnexal structures such as
hair follicles [94-96]. The discovery of properties of epidermal stem cells led to the hypothe‐
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from the induction of iPS cells to the maintenance of mammary CSCs.
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ble morphological changes (leading to increased motility and invasion) and believed to be
reminiscent of ‘cancer stem-like cells’, showing characteristics similar to many cancer sys‐
tems [81, 82]. It has been reported that KLF4 interacts with transforming growth factor-β, a
well established regulator of EMT [83], and β-catenin, one of the most important mesenchy‐
mal markers. Based on the pivotal role of KLF4 in CSCs, in combination with its links to the
transforming growth factor-β signaling pathway, we highly suspected that KLF4 improved
EMT in breast cancers. In our studies, KLF4 knockdown MCF-7 cells exhibited a well-spread
morphology, with the majority of cells forming a rounded, epithelial-like form and aggre‐
gating together in groups, a typical characteristic of mesenchymal to epithelial transition
[84] and a reversal of EMT. Fibronectin and vimentin, two critical mesenchymal-associated
markers, were both decreased in KLF4 downregulated cells, which were consistent with re‐
duced ability of migration and invasion of these cells. However, E-cadherin expression and
localization, a hallmark of the EMT phenotype, showed no significant difference after KLF4
was knocked down. Contrary to our results though, KLF4 was reported to inhibit EMT in
non-transformed MCF-10A cells by another group [85]. Our major argument is that
MCF-10A cells are spontaneously transformed cells with no potential of tumorigenesis.
Therefore, the results from MCF-10A cells may not be readily applicable to other mammary
tumor cells. In their study, MDA-MB-231 tumor cells with KLF4 overexpression had also
been used. However, results from our studies, using KLF4 knockdown and overexpression
stable cells, supported a positive connection between KLF4 and EMT. Clearly, more studies
are necessary to examine whether the difference of the two systems or the genetic back‐
ground of specific MDA-MB-231 clones contributes to the discrepancies between the previ‐
ously reported results and our current results.

4.4. KLF4 function in mouse hair follicle stem cells

Skin is renewed throughout life by proliferation of a multipotential stem cell population and
terminal differentiation of stem cell progeny. Epidermal renewal is thought to be controlled
by stem cells located either in the basal layer of the interfollicular epidermis (IFE) or in the
deepest portion of permanent hair follicle called bulge [86]. Mouse hair follicle stem cells
which reside in the hair follicle bulge are characterized by expression of CD34 and CD49
[87-89], retention of either DNA or histone labels over long periods [90, 91], and expression
of Leucine-rich repeats and immunoglobin-like domain protein 1 (Lrig1) [92, 93]. Wound
healing is an important response of skin in order that it might repair itself after an injury.
Regeneration of epidermis after wounding involves activation, migration and proliferation
of keratinocytes from both the surrounding epidermis and the adnexal structures such as
hair follicles [94-96]. The discovery of properties of epidermal stem cells led to the hypothe‐
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sis that these stem cells play a critical role in epidermal repair after wounding. Previous
work has reported that bulge stem cells rapidly respond to wounding and migrate towards
the IFE to help with the rapid hair-follicle regeneration, and that bulge-derived cells are
transient amplifying cells committed to differentiation [93, 95, 97]. However, the role and
contribution of keratinocytes derived from hair follicle bulge stem cells to cutaneous wound
healing needs further elucidation.

It has been proven that KLF4 is essential for establishing the barrier function of skin. How‐
ever, KLF4 expression and potential function in epidermal stem cells has not been studied
before. In our current study, we have shown that KLF4 is likely expressed in mouse epider‐
mal stem cells. A decreased number of hair bulge stem cells was observed in KLF4 knockout
mice, which was accompanied by a decreased ability of colony formation from these cells
when compared to those from control mice, suggesting that KLF4 may be required for the
maintenance of skin hair follicle stem cells. Notably, KLF4 deficiency delayed the process of
mouse cutaneous wound healing, during which KLF4-expressing multipotent cells migrated
towards the wound area [6].

Using the wild type mice and KLF4/EGFP mouse model, we found that KLF4 was expressed
in CD34+/CD49f+ bulge stem cell-enriched populations. However, KLF4 gene expression in
CD34+/CD49f+/Lrig1+ cells was about 2.2 fold higher than in CD34+/CD49f-/Lrig1- cells sort‐
ed from wild-type mice. High levels of KLF4 expression in most differentiated, post mitotic
skin epithelial cells [98] and low percentage of skin epidermal stem cells may be reasons
why a difference has not been observed. Nevertheless, our studies collectively provide the
first evidence that KLF4 was likely expressed in mouse hair follicle stem cells, especially in
bulge stem cells.

The label retention cell (LRC) assay was used to confirm the quiescent nature of KLF4-ex‐
pressing cells (Figure 4). Three-day-old KLF4/EGFP mice were injected with BrdU and left
for an extended period. Twelve weeks later, the proportion of KLF4-positive cells in LRCs
was 4.1%, suggesting that only a subset of these LRCs expressed KLF4. These results reveal
a heterogeneous nature of LRCs. However, the difference between KLF4-expressing and
KLF4-non-expressing LRCs and the related functional influence in wound healing still re‐
main unknown. By lineage tracing to the KLF4/CreERTM/ Rosa26RLacZ mouse model, a
multipotent and clonal nature of KLF4 expressing cells was identified as well (Figure 5). Our
studies have also shown that KLF4 knockout decreased the population of CD34+/CD49f+
cells accompanied by reduced self-renewal ability of these cells. Together with the label re‐
taining ability of KLF4 expressing cells, our results indicated KLF4 plays an important role
in the homeostasis of skin bulge stem cells. In addition, expression of KLF4 in rare skin stem
cells and in the bulk of differentiated keratinocytes may suggest that the functions of KLF4
in these populations are different. It has been reported that different KLF4 isoforms may ex‐
ist and exhibit different functions in pancreatic cancer cell [99]. Characterization of different
KLF4 isoforms and/or separation of distinct KLF4 expressing cells will be necessary for dis‐
secting specific functions of KLF4 in skin homeostasis as well as pathogenesis including
wound healing.

Pluripotent Stem Cells326

Figure 4. KLF4-expressing cells possessed label retaining property. 3-day-old KLF4/EGFP mice were injected with BrdU
(75mg/kg) for 5 consecutive days. BrdU-positive cells were examined 3 months later by immunohistochemical staining.
Anti-KLF4, anti-BrdU, and anti-Ki67 antibodies were used to stain consecutive slides. Insets show enlarged portion of the
staining indicating co-localization of KLF4 and BrdU positive cells with no Ki67 signals (red arrows). Scale bars, 50 mm.

Figure 5. KLF4-expressing hair follicle stem cells were examined by lineage tracing. KLF4/CreERTM/Rosa26RLacZ mice
were induced by tamoxifen (100mg/kg) for 5 consecutive days at 6-week-old (a).4 weeks later X-gal staining was per‐
formed. Potential KLF4 expression in interfollicular epidermis (shown by red arrows in c, d) and bulge area (b, and
black arrows in c, d) was shown. A typical epithelial proliferation unit was shown in e (inset). Note that fixation was
performed without xylene in a and b. Scale bars, 80 mm.
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sis that these stem cells play a critical role in epidermal repair after wounding. Previous
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studies have also shown that KLF4 knockout decreased the population of CD34+/CD49f+
cells accompanied by reduced self-renewal ability of these cells. Together with the label re‐
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Figure 6. Knockout of KLF4 decreased hair follicle stem cell population and self-renewal potential in vitro and retard‐
ed would healing in vivo. (a) Dorsal skin keratinocytes isolatedfrom control (KLF4+/+) and KLF4 knockout (KLF4-/-)
mice were analyzed by flow cytometry using mouse epidermal stem cell markers CD34 and CD49f. (b) Quantitation of
the colony numbers from 2000 seeded keratinocytes. Data shown were the mean ± SM of three separate experiments.
*P <0.05 vs. control. 5mm wounds were introduced into the backs of KLF4/CreERTM/Rosa26RLacZ mice 5 (c, d) or 10
days (e–h) after using control (c, f) or tamoxifen (d, e, g, h) induction and X-gal staining was performed. Blue strips on
epidermis were shown in d (inset 1) and h. Blue cells was indicated by black arrows outside (d) and by green arrows
inside (e) the conjunction of the wound (separated by dashed green lines). Inset 2 in d showed blue cells around hair
follicles. Migration of KLF4 expressing multipotent cells from hair follicles (g) and interfollicular epidermis towards the
wound area was detected similarly.. Scale bars, 80 mm.

Previous work has demonstrated that stem cells located in the bulge area [95] and isthmus
[100] contribute to wound healing. Our work has shown that KLF4-expressing multipotent
cells participate in re-epithelialization during cutaneous wound healing. It known that cuta‐
neous wounds heal with an acute delay in re-epithelialization in the absence of hair follicles
[101]. From our study we learned that KLF4 expression in possible hair follicle stem cells
may contribute to the wound healing (Figure 6). We also observed that KLF4-expressing
stem cells remained quiescent as evidenced by rarely detectable blue cells eight months after
the cells were labeled. However, they were readily activated and detectable when the cuta‐
neous wound occurred. This observation is consistent with a recent proposal for olfactory
neural stem cells. In this pattern, stem cells within the LRC population serve as a reservoir
of long-lived progenitors that remain largely quiescent during normal neuronal turnover or
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even after acute, selective loss of mature neurons; meanwhile previously identified progeni‐
tors are largely responsible for tissue maintenance. Surprisingly after extensive injuries that
deplete resident neuronal precursors, these quiescent stem cells transiently proliferate and
reconstitute the neuroepithelium to maintain homeostasis [102]. Moreover, KLF4 deficiency
delayed the process of wound healing and cell migration. It has been proven that KLF4 is
essential for establishing skin barrier function because KLF4 deficiency selectively perturbed
the late-stage differentiation structures including the cornified envelope [32]. It is not clear
though, whether the role of KLF4 in barrier function is also involved in wound healing in
our setting. Finally, our wound healing model did not limit for contraction. Although this
simple method allowed us to observe an obvious phenotype, more rigorous models should
be used in the future in order to define the role of KLF4 in the complex wound healing proc‐
ess. Nonetheless, our results suggest a critical function of KLF4-expressing epidermal multi‐
potent stem cells in cutaneous wound healing.

4.5. Signaling pathways regulating KLF4 and stem cell biology

Stem cells often reside in locations called stem cell niches. Specifically, stem cell niches are
defined as particular locations or microenvironments that maintain the combined properties
of stem cell self-renewal and multipotency [103]. A combination of genetic and molecular
analyses has identified many factors that support stem cell niches that also control stem cell
identity. These factors include components of Notch, Wnt, and Hedgehog signaling path‐
ways, all of which KLF4 is thought to be involved in [104-106].

5. Notch signaling and KLF4

Notch signaling is involved in cell proliferation and apoptosis, which affects the develop‐
ment and function of many organs. The signal is initiated by interaction of a Notch receptor
with a Notch ligand on an adjacent cell. Upon activation, Notch is cleaved, releasing intra‐
cellular domain of the Notch (ICN) through a cascade of proteolytic cleavages by the metal‐
loprotease tumor necrosis factor-α-converting enzyme (TACE) and γ-secretase. ICN then
translocates to the nucleus where it displaces corepressor complexes that are prebound with
CSL. The following recruitment of coactivators, including Mastermind-like proteins and
CBP/p300, then activates gene expression of downstream target genes [107].

It has been reported that altered Notch signaling affects the function of a variety of mamma‐
lian stem cells such as hematopoietic, intestinal, and skin stem cells, and intestinal stem cells
in Drosophila and germ stem cells in C. elegans [103, 105, 108]. KLF4 is proposed as the
downstream target of Notch signaling pathway and KLF4 promoter activity is inhibited by
Notch, but the relationship between the Notch signaling pathway and KLF4 appears de‐
pendent on different cellular contexts. Our early work and that of others suggest that KLF4
is inhibited by Notch in the gastrointestinal tract [107, 109, 110]. Recently, downregulation of
Notch1 gene expression in keratinocytes by KLF4 has also been reported [111].In our current
study on breast CSCs, we found that the expression of Notch1, Notch2 and Jagged1 were
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the colony numbers from 2000 seeded keratinocytes. Data shown were the mean ± SM of three separate experiments.
*P <0.05 vs. control. 5mm wounds were introduced into the backs of KLF4/CreERTM/Rosa26RLacZ mice 5 (c, d) or 10
days (e–h) after using control (c, f) or tamoxifen (d, e, g, h) induction and X-gal staining was performed. Blue strips on
epidermis were shown in d (inset 1) and h. Blue cells was indicated by black arrows outside (d) and by green arrows
inside (e) the conjunction of the wound (separated by dashed green lines). Inset 2 in d showed blue cells around hair
follicles. Migration of KLF4 expressing multipotent cells from hair follicles (g) and interfollicular epidermis towards the
wound area was detected similarly.. Scale bars, 80 mm.

Previous work has demonstrated that stem cells located in the bulge area [95] and isthmus
[100] contribute to wound healing. Our work has shown that KLF4-expressing multipotent
cells participate in re-epithelialization during cutaneous wound healing. It known that cuta‐
neous wounds heal with an acute delay in re-epithelialization in the absence of hair follicles
[101]. From our study we learned that KLF4 expression in possible hair follicle stem cells
may contribute to the wound healing (Figure 6). We also observed that KLF4-expressing
stem cells remained quiescent as evidenced by rarely detectable blue cells eight months after
the cells were labeled. However, they were readily activated and detectable when the cuta‐
neous wound occurred. This observation is consistent with a recent proposal for olfactory
neural stem cells. In this pattern, stem cells within the LRC population serve as a reservoir
of long-lived progenitors that remain largely quiescent during normal neuronal turnover or
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even after acute, selective loss of mature neurons; meanwhile previously identified progeni‐
tors are largely responsible for tissue maintenance. Surprisingly after extensive injuries that
deplete resident neuronal precursors, these quiescent stem cells transiently proliferate and
reconstitute the neuroepithelium to maintain homeostasis [102]. Moreover, KLF4 deficiency
delayed the process of wound healing and cell migration. It has been proven that KLF4 is
essential for establishing skin barrier function because KLF4 deficiency selectively perturbed
the late-stage differentiation structures including the cornified envelope [32]. It is not clear
though, whether the role of KLF4 in barrier function is also involved in wound healing in
our setting. Finally, our wound healing model did not limit for contraction. Although this
simple method allowed us to observe an obvious phenotype, more rigorous models should
be used in the future in order to define the role of KLF4 in the complex wound healing proc‐
ess. Nonetheless, our results suggest a critical function of KLF4-expressing epidermal multi‐
potent stem cells in cutaneous wound healing.

4.5. Signaling pathways regulating KLF4 and stem cell biology

Stem cells often reside in locations called stem cell niches. Specifically, stem cell niches are
defined as particular locations or microenvironments that maintain the combined properties
of stem cell self-renewal and multipotency [103]. A combination of genetic and molecular
analyses has identified many factors that support stem cell niches that also control stem cell
identity. These factors include components of Notch, Wnt, and Hedgehog signaling path‐
ways, all of which KLF4 is thought to be involved in [104-106].
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loprotease tumor necrosis factor-α-converting enzyme (TACE) and γ-secretase. ICN then
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CSL. The following recruitment of coactivators, including Mastermind-like proteins and
CBP/p300, then activates gene expression of downstream target genes [107].
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in Drosophila and germ stem cells in C. elegans [103, 105, 108]. KLF4 is proposed as the
downstream target of Notch signaling pathway and KLF4 promoter activity is inhibited by
Notch, but the relationship between the Notch signaling pathway and KLF4 appears de‐
pendent on different cellular contexts. Our early work and that of others suggest that KLF4
is inhibited by Notch in the gastrointestinal tract [107, 109, 110]. Recently, downregulation of
Notch1 gene expression in keratinocytes by KLF4 has also been reported [111].In our current
study on breast CSCs, we found that the expression of Notch1, Notch2 and Jagged1 were
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significantly decreased in KLF4 knockdown cells, and upregulated by overexpression of
KLF4. Unexpectedly, inhibition of the Notch pathway by CompE, a γ-secretase inhibitor,
had no effect on stem cell numbers and self-renewal potential of breast cancer cells. This re‐
sult suggested that the Notch signaling pathway is not required for KLF4-mediated mainte‐
nance of stem cells in breast cancer cells (Figure 7). On the other hand, inhibition of Notch
signaling by CompE in KLF4-overexpressing cells led to decreased migration and invasion
ability, which indicated that the Notch signaling pathway was responsible for KLF4-mediat‐
ed mobility characteristics of breast cancer cells. These results are consistent with the role of
Notch signaling as potent drivers during tumor progression and in converting polarized ep‐
ithelial cells into motile, invasive cells [112]. However, in breast cancer cells, inhibitors of
canonical Notch1 signaling suppressed the transformation induced by Notch1 whereas it
had no effect on the transformation by KLF4, indicating KLF4-induced transformation re‐
quires Notch1, canonical Notch1 signaling is not required, and Notch1 may signal through a
distinct pathway in cells with increased KLF4 activity. These results suggest that KLF4 could
contribute to breast tumor progression by activating synthesis of Notch1 and by promoting
signaling through a non-canonical Notch1 pathway [113].

Figure 7. Notch signaling pathway is activated but not required for KLF4-mediated maintenance of stem cells in
breast cancer cells (a) Levels of Notch1, Notch2 and Jagged1 expression in siCon and siKLF4 MCF-7 cells were detected
by real-time PCR. The symbol * indicates P<0.05 vs siCon group. (b) Similar to (a) except that control and KLF4-N (KLF4
overexpression) MCF-7 cells were used. (c) MCF-7 cells (siCon and siKLF4) were seeded into ultra-low attachment sur‐
face plates and incubated with CompE at a concentration of 1 mM.

6. Wnt signaling and KLF4

Wnt signaling is an ancient and highly conserved system that is involved in embryogen‐
esis,  development,  cell  polarization,  differentiation  and  proliferation  [114-116].  Wnt  sig‐
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naling  cascades  have  traditionally  fallen  into  two  categories:  canonical  and  non-
canonical,  differentiated  by  their  dependence  on  β-catenin.  Canonical  Wnt  signaling  is
initiated when a Wnt ligand engages co-receptors of  the Frizzled (Fzd) and low-density
lipoprotein  (LDL)-related  protein  (either  Lrp5  or  Lrp6),  ultimately  leading  to  β-catenin
stabilization,  nuclear  translocation  and  activation  of  target  genes.  The  canonical  Wnt/β-
catenin pathway plays  a  crucial  role  in  stem and cancer  stem cells’  self-renewal  and/or
differentiation of skin, intestine and mammary gland [117].

In the absence of Wnt stimulus, β-catenin is held in an inactive state by a multimeric “de‐
struction” complex comprised of adenomatous polyposis coli (APC), Axin, glycogen syn‐
thase kinase 3β (GSK3β) and casein kinase1α (CK1α) [118]. Nearly 90% of colon cancer
harbors Wnt/β-catenin signaling mutations that result in β-catenin mutation. The most com‐
mon type of mutation in colon cancer results in the inactivation of APC, thus driving constit‐
utive activation of β-catenin [119-121]. KLF4 binds the transcriptional activation domain of
β-catenin and inhibits β-catenin-mediated transcription in colorectal cancer cells, suggesting
that the cross talk between KLF4 and β-catenin plays an important role in intestinal homeo‐
stasis and colorectal carcinogenesis [122]. A growing body of evidence illustrates a critical
role of β-catenin in CSCs. For example, stem-like colon cells with a high level of β-catenin
signaling have a much greater tumorigenic potential than counterpart cells with low β-cate‐
nin signaling [123]. The latest report shows that in stem cells and cancer cells, TERT, the en‐
zymatic subunit of telomerase complex controlling telomere length, is directly regulated by
β-catenin, and klf4 is required for β-catenin to localize to the Tert promoter [124].

In over 50% of clinical breast cancer cases a stabilization of β-catenin has been demonstrat‐
ed. Inhibition of Wnt/β-catenin signaling in the mouse mammary gland blocks organ devel‐
opment and pregnancy-induced proliferation and heavily reduces the numbers of alveolar
progenitor cells [125]. Wnt/β-catenin has also been implicated in mediating the radiation re‐
sistance of mouse mammary gland progenitor cells. Our recent study shows that KLF4 is re‐
quired for maintenance of breast CSCs and for cell migration and invasion along with Notch
signaling pathway [7]. However, the reaction of KLF4 and Wnt/β-catenin signaling in this
setting still remains unknown and needs further investigation. Our other work showed that
KLF4 contributes to cutaneous wound healing [6]. Additionally, the canonical Wnt signals
are required in the normal skin to instruct bulge stem cells toward the hair cell fate [126],
while in epidermal tumors, they control the maintenance of skin CSCs [84]. Therefore it is
speculated that both of KLF4 and Wnt/β-catenin signaling are implicated in this process,
and the relationship between them needs further investigation as well.

7. Hedgehog signaling and KLF4

Under normal conditions, HH signaling plays important roles in embryonic development
and is also involved in tissue regeneration in adults [127, 128]. Activating events in the HH
pathway are involved in numerous human cancers, including melanoma [129], glioma [130],
and basal cell carcinoma (BCC) [131]. Mammalian HH signaling is initiated when one of
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three HH ligands (Sonic, Indian, and Desert HH) binds the dodecatransmembrane receptor
Patched (Ptch1). Ligand/receptor interactions occur through an autocrine or paracrine man‐
ner, depending on the context. Receptor engagement results in activation of the heptatrans‐
membrane Smoothened (Smo), which is held in an inactive state in the absence of a ligand.
Smo activation in turn regulates the activity of transcription factors Gli1, Gli2 and Gli3.
Gli1/2/3 function to regulate transcription of genes involved in HH signaling such as Gli1
and Ptch1, and importantly genes involved in epithelial-mesenchymaltransition (EMT), such
as SNAIL1[127, 128].

HH-GLI signaling was found to modulate normal dorsal brain growth by controlling pre‐
cursor proliferation [132]; it was also found to have an essential role in controlling the be‐
havior of CD133+ glioma cancer stem cells [130]. However, HH pathway-driven
tumorigenesis depends on canonical Wnt/β-catenin signaling in BCC [131]. Recently, CSC/
tumor initiating cells (TIC) in human melanomas were found in a collection of human mela‐
nomas obtained from a broad spectrum of sites and stages by using non-adherent spheres
and ALDH enzymatic activity. Both pharmacological inhibition of HH signaling by the SMO
antagonist cyclopamine and GLI antagonist GANT61, and stable expression of shRNA tar‐
geting either SMO or GLI1 result in a significant decrease in melanoma stem cell self-renew‐
al in vitro and a reduction in the number of ALDH high melanoma stem cells, indicating an
essential role of the HH-GLI1 signaling in of melanoma CSC/TIC. Notably, melanoma‐
spheres express not only high levels of Hedgehog pathway components, but also high levels
of embryonic pluripotent stem cell factors Sox2, Nanog, Oct4 and KLF4 [129]. This is the first
report that reveals a possible correlation of HH signaling and KLF4 in CSC, though the un‐
derlying mechanism appears entirely unknown.

8. Concluding remarks

Since the identification and characterization of KLF4 over 10 years ago, significant progres‐
sion has been made to understand its biological function, including its role in cell prolifera‐
tion, differentiation, apoptosis and maintenance of normal tissue homeostasis. However, a
novel role of KLF4 in stem cell biology further opens a window to study KLF4 in a different
area. KLF4 is believed to play a significant role in ES cell self-renewal and pluripotency. No‐
tably, KLF4 collaborating with other transcription factors including Oct4, Sox2 and c-Myc,
drives somatic cells into iPS cells. CSCs have been identified in various tumors, and KLF4
can be speculated to have similar functions in CSCs based on its function in ES cell [133].
Our work provides evidence for the first time that KLF4 is essential for the maintenance of
breast CSC and cell migration and invasion, which may be helpful to develop new therapeu‐
tic strategies for breast cancer. Apart from just breast CSCs, our work also demonstrates that
KLF4 is highly expressed in skin hair follicle stem cells and facilitates the process of cutane‐
ous wound healing. Many papers have confirmed the underlying molecular mechanism that
KLF4 exerts its action in stem cell biology by integration of different signaling pathways, in‐
cluding Notch, Wnt and HH. Notch signaling pathway is responsible for KLF4-mediated
mobility characteristics of breast cancer cells, while Wnt/β-catenin signaling recruits KLF4 to

Pluripotent Stem Cells332

regulate TERT expression in stem cells and cancer cells. As to HH signaling and KLF4, the
research is still just beginning, but considering the crosstalk between Wnt/β-catenin and
HH, it is very important to discern the communication between them. Nevertheless, under‐
standing the signaling circuitries regulating stem cell fate decisions might provide impor‐
tant insights into novel therapeutic strategies for cancer and regeneration medicine.
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Chapter 16

β1,4-Galactosyltransferases, Potential Modifiers of
Stem Cell Pluripotency and Differentiation

Michael Wassler

Additional information is available at the end of the chapter
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1. Introduction

The ability of embryonic stem cells to self renew and, at a given signal, give rise to the multi‐
faceted cell types normally observed in the body, is highly dependent on the complex inter‐
play between both intrinsic (inside the cell) and extrinsic (outside of the cell) factors. Despite
progress in analyzing the genome, proteome, and the transcriptome, challenges still exists to
find the most efficient and specific conditions in which human embryonic stem cells (hESC)
can maintain pluripotency and or/can be efficiently directed to differentiate towards a ho‐
mogenous cell type. In a stem cell niche, the integrity of the cell matrix and the manifold of
different cell-cell interactions and the ability of the cells to respond to a variety of cytokine
cues from both interstitial fluids and from extracellular matrices, are crucial factors in giving
the right signal signals to the cells internal machinery, in a space (spatio) and time (tempo‐
ral) manner during different developmental stages. One of these molecules is the glycan. A
glycan is a polysaccharide or oligosaccharide, that is attached to a glucoconjugate such as
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constitute approximately 50% of all proteins in nature. For many years, the biological func‐
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tumor rejection antigens (TRA-1-60 and TRA-1-81) have been used to analyze the pluripo‐
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(iPSC).The research of how glycosylation can impact stem cells has long been hampered by
the structural complexities of glycosylation and the difficulties to identify and purify the en‐
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the fact that glycans are not encoded directly from the genome but rather depends on the
collaboration of a limited number of both glycosyltransferases and glycosidases, whose ex‐
pression are reliant upon both intracellular as well as extracellular changes. Furthermore,
glycosyltransferases are expressed differentially between many cell types and disease states
in a spatio- temporal manner during development. In this review, I will summarize research
on what is known for glycosyltransferases in stem cell pluripotency and differentiation. I
will specifically focus on one glycosyltransferase, N-acetylglucosamin β1,4- Galactosyltrans‐
ferase 1 (β4Gal-T1), a unique galactosyltrasferase implicated in a variety of cellular process‐
es such as cell-cell and cell-matrix adhesion, apoptosis, proliferation and differentiation, to
mention a few. I will discuss its regulation and potential mechanism(s) in cell-cell, cell-ma‐
trix and cytokine signaling pathways. Finally, in the last section, I will talk about some dis‐
eases related to galactosyltransferase deficiency. All in all, this chapter is intended to evoke
more interest in the field of stem cell glycobiology, both for the layman as well as for the
bench scientist. Ultimately, the goal of this review is to encourage future research to find al‐
ternative therapeutic modalities for glycoprotein related diseases, such as cancer, congenital
disease and even Alzheimer’s.

2. What is glycosyltransferases?

Glycosyltransferases (GTs; EC 2.4.x.y) constitute a large protein family of about 200-300 en‐
zymes that are involved in the biosynthesis of glycans. GTs are type II transmembrane pro‐
teins with large carboxy-terminal globular catalytic domains, that face the luminal side of
the Golgi complex, and a short cytoplasmic domain. The sequential action of GTs results in
the formation of both linear as well as highly branched glycan structures that are present in
both prokaryotes and eukaryotes. Mammalian GTs utilize a variety of uridine diphosphate
activated (UDP) sugars as donors: UDP-glucose, UDP-galactose, UDP-GlcNAc, UDP-Gal‐
NAc, UDP-xylose, UDP-glucuronic acid, GDP-mannose, GDP-fucose, and CMP-sialic acid.
Glycosyl transfer can occur on protein residues, usually to asparagine, to give N-linked gly‐
coproteins and on tyrosine, serine, or threonine to give O-linked glycoproteins [1]. The first
step in N-linked glycosylation occurs in the endoplamic reticulum (ER) in which a “high
mannose” oligosaccharide branch is added to an Asparagine (Asn) residue in the protein
backbone (N-linkage). Another type of glycan linkage is the O-linked glycosylation, which
occurs through serine/threonin residues in the protein back bone during transport within
the Golgie complex [2]. Other GTs are responsible for extensive branching of glycan struc‐
tures such as the galactosyltransferase family (GalTs) [3] which together with glycosidases
give rise to more “complex” type sugar chains (Figure 1). These processes creates oligosac‐
charide structures of enormous diversity and whose functions spans from cell adhesion, in‐
flammation, cancer metastasis, stem cell proliferation and development [4]. This exciting
area of biology has resulted in an intensive research to unveil the function of individual GTs
in during stem cell pluripotency and differentiation. Several studies have implicated a varie‐
ty of GTs in stem cell biology, some of which are presented below:
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Figure 1. General view of an O-linked (A), and a (B) “complex” N-linked cell surface glycoprotein. A lactosylceramide‐
glycolipid (LacCer) (C) is also shown, located at the upper leaflet of the plasma membrane (PM). Ser; Serine, Thr;Threo‐
nine, Asn;Asparagine Sial;Sialic acid, Gal;Galactose, Glc;Glucose,Man;Mannose, GlcNac; N-Acetylglucoseamine,
GalTNAc; N-Acetylglucoseamine, Fuc;Fucose

1. N-acetylglucosaminyl-1 phosphate transferase (GPT): The first steps in N-linked glycan
synthesis begins on both the cytosolic and luminal side of the endoplasmic reticulum
where nine mannosyl residues are sequentially added to a poly-isoprenoid lipid, doly‐
chylmonophosphate by the activity of N-acetylglucosaminyl-1 phosphate transferase
(GPT) and a number of mannosyltransferases. One inhibitor to GPT, tunicamycin (TM),
inhibits N-linked glycosylation and has been reported affect cell proliferation, neu-vas‐
cularization and cancer progression, due to induced cell death from ER stress [4].

2. βGalNAc-T3: The cell surface glycan epitope LacdiNac (GalNac-β4GlcNAc) has been
shown to be an important glycosylation modification of leukemia inhibitor factor recep‐
tor (LIFR) and its co-receptor, gp130.The addition of LacdiNac epitopes to LIFR was de‐
pendent on a specific transferase, β-3-N-acetyl-Galactosyl transferase 3 (βGalNac-T3).
This modification is crucial for the localization of LIF to lipid rafts/ calveolar compo‐
nents, such as caveolin-1, in order to enhance its activity. Mouse and human stem cells
(mESC, hESC) differ from each other in some aspects on how they respond to cytokines
necessary for pluripotency. hESCs seem to be at a later developmental stage than
mESCs, because of their independency of the LIF pathway for self renewal. Interesting‐
ly, the level of βGalNac-T3 was much lower in human versus mouse embryonic stem
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indicating that LacdNac play an important role for adopting stem cells from a primed
state (already programmed for germ line specification) to a more naïve state, e g fully
pluripotent cells[5]

3. Ext1 and Ext2: Heparan sulphate is a large sulphated oligosaccharide chain located on
proteoglycans impacting both the stability of pluripotency and differentiation into neu‐
ral stem cell lineage. Ext1 and Ext2 encodes two bifunctional endoplasmic reticulum-
resident type II transmembrane glycosyltransferase that are involved in the chain
elongation and modification of HS biosynthesis. HS on embryonic stem cells has been
shown to exhibit a lower amount of sulfated glycosaminoglycans relative to differenti‐
ated cells indicating that the ratio between nonsulphated versus sulphated HS is impor‐
tant in stem cell pluripotency [6-8]

4. O-GlcNac Transferase (OGT): O-GlcNAcylation is a O-β-glycosidic attachment of a sin‐
gle N-acetyl glucosamine to a serine or threonin residue in nucleoplasmic proteins.
Some of these proteins are represented by the transcription factors Oct4, Klf4, Sox and
Nanog, which are involved in the pluripotency network in stem cell self renewal and in
the core proteins responsible for the production of induced pluripotent stem cells
(iPSCs). Recently it was discovered that this specific O-linked modification of Oct4 and
Sox was crucial for their transcriptional activities. Two enzymes are responsible for O-
GlcNAcylation: O-GlcNac Transferase (OGT) adds the modification and O-glucNAcase
removes it [9].

3. β-1,4-Galactosyltransferases

β-1,4-Galactosyltransferases (β4GalTs) are type II membrane proteins of the glycosyltrans‐
ferase family that have the exclusive specificity to transfer an active UDP-galactose in a β1,4
linkage to acceptor sugars such as N-acetylglucosamine (GlcNAc), Glucose (Glc), Galactose
(Gal) and even Xylose (Xyl). Each β4-GalTs have a distinct function in the biosynthesis of
different glycoconjugates and disaccharide structures.The most common structure, the
Galβ1-β4GlcNAc, or N-Acetyllactosamine, exists as disaccharide repeats within linear or
branched poly-N-acetyllactoseamine chains, but also at the terminal ends of oligosaccharide
chains where they become sialyllated. These structures are formed by a combined action of
UDP-GlcNac:Mannosyl N-acetylglucosaminyltransferases and β-1,4-galactosyltransferases
(β4GalTs) [10]. The first galactosyltransferase, β4GalT-1, was cloned in 1986 due to its func‐
tion of transfer galactosyl residues to β-1,4-linked GlcNac found in glycoconjugates [11].
Targeted inactivation of mouse β4Gal-T1 gene, however, revealed that both tissue and se‐
rum glycoproteins still contained residual β4GalT-1 activity towards glycoprotein acceptors
[10]. To date there are currently seven members of the β4GalT gene family designated
β4Gal-T1-T7. Even though, β4Gal-T1 to -T6 shares various homologies (30-50%) to β4GalT-1
at the amino acid level, their substrate affinities and end products appear to be slightly dif‐
ferent, depending on nature of the branched oligosaccharide structure tissue expression and
the cellular milieu for the enzymes, e.g. lipid -rich environment [12, 13]. Both β4Gal-T1 and
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β4Gal-T2 preferentially transfer galactose to the GlcNacβ1-2Manα and the
GlcNAcβ1-4Man1-3 branch. β4Gal-T4 and β4Gal-T5 catalyzes the addition of galactose to
GlcNAcβ1-6Man and the GlcNAcβ1-4 Man, respectively (Figure 2). The β4Gal-T1, β4Gal-T2,
and β4Gal-T3 can also transfer galactose residues to tetra-antenna oligosaccharides. In addi‐
tion being involved in glycoconjugate synthesis, β4Gal-T2, -3, -4 and -6, are also important
catalysts for glycolipid biosynthesis. β4Gal-T2 and -3 prefers a glycolipid intermediate,
Lc3Cer, as a substrate and β4Gal-T4 uses GlcNac-6-sulphate, a common constituent of kera‐
tin sulphate, as a substrate [14]. β4Gal-T6 has been shown to have Lactosyl Ceramide syn‐
thase activity. Finally, β4Gal-T7, transfers a Galactose to an O-linked Xylose on a serine
residue to start the synthesis of the linker region between glycosaminoglycans (GAG) and
proteoglycans [15]. A general summary or the chromosomal location, tissue expression, gly‐
cosidic linkage and potential biological function of currently known β, 4-GalTs is summar‐
ized in Table 1.

Figure 2. An example of a tetra antenna structure in a complex-type N-glycan. The numbers indicate the glycosidic
linkages. The arrows and the boxed areas represent the bonds catalyzed by β1,4-galactosyltransferase (β4GaIT, blue
area) and βGlcNAc Transferases (βGlcNAcT, green area), respectively. Gal; Galactose, Man: Mannose, GlcNAc; N-Acetyl‐
glucosamin, R; glycoprotein back bone.

4. β-1,4-Galactosyltransferase 1 (β4Gal-T1 )

One member of the β4galactosyltransferase family, that has got increased attention in stem
cell biology, is the β4Gal-T1. β4Gal-T1 catalyze the transfer of galactose (Gal) from uridine
diphosphate-galactose (UDP-Gal) to terminal N-Acetylglucosamine (GlcNac) residues of oli‐
gosaccharide chains in a β1,4 linkage, to form N-acetyllactosamine. β4Gal-T1 and βal-T2 are
unique among the β4galactosyltransferases (β4GalTs) genes that they form a heterodimer
with alpha-lactalbumin and changes substrate specificity from GlcNac towards Glucose
(Glc) as a substrate, forming lactose, a very common protein in the mammary glands. Inter‐
estingly, β4Gal-T1 is constitutively expressed. However, apart from β4Gal-T1, β4Gal-T2 is
only expressed in fetal brain. β4GalT-2 is a key regulator of glycosylation of the proteins in‐
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volved in neuronal development [16] and is responsible for the synthesis of complex-type
N-linked oligosaccharides in many glycoproteins, as well as the carbohydrate moieties of
glycolipids. Like the β4Gal-T1 enzyme, its substrate specificity is affected by alpha-lactalbu‐
min but is not expressed in lactating mammary tissue Apart from the other βGalTs, βGal-T1
encodes two protein isoforms produced by differential translation initiation at the 5’ end of
the mRNA transcript: a long isoform, containing a 24 amino acid cytoplasmic domain, and a
short isoform with only an 11 amino acid domain [24]. Both isoforms are localized to trans-
Golgi network and are able to function as glycoprotein processing enzymes (Fig.3). Howev‐
er, a small fraction of the long isoform of βGaT-1, preferentially targets the cell surface of
various cells [25]. The specific signal sequence in β4GalTs that regulate the differential local‐
ization between cell surface and the Golgi complex, has been shown to consist of a short N-
terminal hydrophobic sequence in the cytoplasmic domain, adjacent to the plasma
membrane. This observation was further extended by the findings that the 13 amino acid se‐
quence in the cytoplasmic domain of long Gal-T1, could be phophorylated by p58 (CDK11),
a GalT1 associated and cell cycle related Serine/Threonin kinase and, hence, could act as a
retention signal for β4Gal-T1 in the Golgi complex [26, 27, 28, 38, 55] (Fig.3). Apart from be‐
ing involved in a variety of physiological activities, such as, for example mouse gamete in‐
teraction, neurite extension, epithelial mesenchymal transition and neural crest cell
migration [29], cell surface GalT1 is also responsible for late morula compaction during de‐
velopment [30]. For more than a decade ago, β4Gal-T1 was found to facilitate cell migration
on laminin 1, an important constituent of the extra cellular matrix (ECM) and during devel‐
opment [31, 32]. Furthermore, addition of β4Gal-T1 perturbants to F9 embryonic carcinoma
led to an arrest in cell growth and morphological changes of embryoid bodies (EB) during
differentiation [33]. Eckstein et. al., showed that cell surface β4Gal-T1 needed to associate
with intact actin cytoskeleton in order for its cell surface activity [34] Interestingly, the intra‐
cellular domain of long form of β4Gal-T1 has been shown to bind to an array of signal trans‐
duction molecules such as a trimeric G-proteins (Gi) [35], Src Suppressed C-kinase Substrate
(SSECKs) [36, 37], CDK11 (p58) [26, 38] and a novel ubiquitin conjugating enzyme [39]. The
β4Gal-T1 interaction with SSeCKS was detected using the two hybrid system with the ami‐
no terminal 13 amino acid long cytoplasmic domain of β4GalT-1 [37]. The β4Gal-T1 associa‐
tion with SSeCKS is interesting since both proteins show similar subcellular distributions
and share important cellular functions, such as cell proliferation, actin dynamics, and cell
migration during development [36, 40]. For example, ectopic expression of both cell surface
β4Gal-T1 and SSeCKS has been reported to induce a transient tyrosine phosphorylation of
focal adhesion kinase (FAK) and rearrangement of filamentous actin [41]. Furthermore,
SSeCKs also control the G1 to S phase progression through regulation of cyclin D1 expres‐
sion and localization. Since SSeCKS is a scaffolding molecule that can binds to several sig‐
naling proteins, such as PKC, Rho family members, and FAK, to mention a few, it is possible
that most effects attributed to cell surface GalT1 in stem cell growh and differentiation may
be mediated through SSeCKS. However it is unclear if cell surface β4GalT-1 performs in a
similar manner as a lectin for its biological function [42, 105] or whether it utilizes its enzy‐
matic activity to modify and release its galactosylated product [31].
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(1q23)
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high in fetal brain.
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β4Gal-T4

(3q13.3)

Testis, ovary, placenta,

pancreas
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GlcNac-6-sulphate LacCer
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tumor metastasis, keratin
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[19], [14], [20, 21]

β4Gal-T5

(11)

heart, lung, liver, kidney,

testis, Restricted in brain

Galβ1-4GlcNac-R

LacCer

Self renewal of glioma cells,

astrocytoma, extraembryonic
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Restricted to adult brain Galβ1-4GlcNac-R
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[18, 19]

β4Gal-T7
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Xylβ1-R
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biosynthesis

[15, 23]

Table 1. Table depicting the chromosomal region, the glycosidic linkage, substrate, and the function for the
β4Galactosyltransferase family, related to stem cells and development.

5. β4GalTs in cancer

Glycosylation of cell surface glycoproteins and glycolipids changes dramatically upon the
malignant transformation of cells [43]. β4GalTs have been reported to be increased in a fair
amount of cancer. However, is not currently known if the elevated expression of β4GalTs
contributes to the induction of cancer/malignancy, by affecting the cell surface landscape of
glycans, or is an indirect effect of cancer progression or metasisis. β4Gal-T1 has been detect‐
ed in highly metastatic lung cancer by transcription factor E1AF activation of the β4Gal-T1
promoter [17, 51]. Furthermore, siRNA interference of surface β4Gal-T1 function, inhibited
cell adhesion on laminin, the invasive potential in vitro,and tyrosine phosphorylation of fo‐
cal adhesion kinase [17]. The relative level of β4Gal-T1 has been reported to be important in
melanoma invasiveness. For example, increasing cell surface β4Gal-T1 expression in cells of
low metastatic potential promoted their invasive potential [44]. Other β4GalTs such as
β4Gal-T5, function as an important growth regulator in glioma cells using both the E1AF
and Sp1 transcription factors for its metastatic potential [17, 45]. Furthermore, clinically over
expressed β4Gal-T4 and β4Gal-T6 have been shown to increase E2F1 and cyclin D3 tran‐
scription in colorectal cancer, respectively [18, 19]. Moreover, β4Gal-T1, -T2 and -T5 levels
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are higher in astrocytoma [18]. The expression of the β4Gal-T5 gene has also been shown to
be regulated by transcription factors Sp1 and Ets-1 in cancer cells. Both these transcription
factors regulate the gene expression levels of not only glycosyltransferases, but also key
molecules involved in tumor growth, invasion and metastisis. Finally, small molecules that
increase expression of GalTs could have beneficial effects during treatment of various cancer
forms [45].

Figure 3. The long isomer of β1,4Galactosyltransferase 1 (β4GalT-1). β4GalT-1 catalyzes the transfer of UDP-galactose
(red circle) to a terminal N-Acetylglycosamine (GlcNAc) residue in a newly synthesized glycoprotein in the golgie lu‐
men. The cytosolic domain of the long β4Gal-T1 consists of 11 amino acids (a.a) together with a 13 a.a extension (24
a.a in total). Phosphorylation of Serine 11 (S11) and/or Theonine 18 (T18) in the cytoplasmic domain negatively regu‐
late the localization and function GalT-1 as a cell surface receptor. The figure is not in scale.

6. β4Gal-T1 in cell cycle

The observation that some, or maybe all, of the β4GalTs have relevancy in cancer progres‐
sion and/or metastasis, has highlighted the idea that stem cell pluripotency and differentia‐
tion may also depend on N-glycan structures [46]. One decisive factor in pluripotency and
stem cell differentiation is the speed by which cells goes through the G1 phase in the cell
cycle [47]. The cell cycle in pluripotent stem cells is remarkable for the shortness of the G1
phase, permitting rapid proliferation and reducing the duration of differentiation signal sen‐
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sitivity associated with G1 phase. Changes in the length of G1 phase are understood to ac‐
company the differentiation of human embryonic stem cells (hESCs), but the timing and
extent of such changes are poorly defined. Terminally differentiated cells usually have a lon‐
ger G1 phase than those of stem cell and progenitor cells. Understanding the early steps
governing the differentiation of hESCs will facilitate better control over differentiation for
regenerative medicine and drug discovery applications. To avoid that cells with genetic
aberrations are expanded in the population, stem cells have adapted to their harsh environ‐
ment by shutting off specific checkpoints normally activated in somatic cells. This will result
in cell death as a default pathway for stem cells exhibiting chromosomal deveations, with‐
out slowing down proliferation of otherwise healthy cells. Since the upstream promoter re‐
gion of the 4.1 kb β-GalT1 transcript is mainly occupied by the Sp1 transcriptional factor,
GalT1 was long believed to be another “house keeping” gene. However, several laboratories
have shown that β4GalT-1 is regulated during cell cycle [28, 48, 49]. Interestingly, experi‐
ments in F9 embryonic carcinoma cells and in 3T3 cells have indicated that the cell surface
bound and the Golgi related forms of β4GalT-1 are regulated differently, in which the long
form is induced much earlier than the short and Golgie bound form. β4Gal-T1 showed the
highest activity during G1-S phase and during interphase of the cell cycle [50]. There are
many transcription factors important during the G1-S transition. The E2F family members of
transcription factors serve as key regulators of the cell cycle progression by inducing activa‐
tors of S-phase related genes. Normally, during the onset of G1/S transition in cell cycle, the
cyclic dependent kinases (CDKs) phosphorylate the retina blastoma (Rb) protein, resulting
in a conformational change in Rb and subsequent release of active E2F from the Rb-E2F
complex. This event results in transcription of G1-phase activating proteins such as e.g Cy‐
clin D3. Interestingly, E2F1, one of the best characterized members of this family, also binds
to a promoter element in β4Gal-T1 transcript and positively regulates its activity. Moreover,
cells subjected to a short hairpin RNA (shRNA) to β4Gal-T1 became less responsive for E2F1
activation [51].The effect of E2F1 on the expression of the other family members of β4GalTs,
however, (β4Gal-T1, -T7) has not been exclusively determined. Another cell cycle related
protein that has been found to regulate β4GalT1 expression is the p16 protein. This protein
is a product of a tumor suppressor gene called CDKN2A that inhibits the cyclin-dependent
kinases (CDK)-4 and 6 which are responsible for the G1 checkpoint in cell cycle. Transfec‐
tion of A549 human lung cancer with p16 led to down regulation of βGalT1 activity [53].
Thus, inactivation of either p16 or pRb function allows the cells to enter the S-phase only
after a brief pause at the G1 checkpoint, leading to accelerated cell proliferation. Similar re‐
sults for GalT1 expression was obtained in hepatocarcinoma SMMC-7721 cells after blocking
endogenous activity of TGFβ, a known regulator of the G1 to S-phase transition of cell cycle,
by arresting cells in G1 phase [54]. Over expressing β4Gal-T1 has also been shown to exas‐
perate cyclohexamid induced apoptosis of [45]. This process is partly dependent on the ac‐
tivity of the CDK11(p58), a CDK11 family Ser/Thr kinase, a G2/M specific protein that
contributes to regulation of cell cycle [55]. Recently GalT1 has been shown to interact with
CDK11(p58) [26, 38] where it has an important function during cell cycle in stem cells pro‐
gression [28, 56]. Furhtermore, β4Gal-T1 contributes to HBx-induced cell cycle progression
In hepatoma cells [57]. All these findings have led to the conclusion that β4Gal-T1 may be
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directly or indirectly connected to cell cycle progression and could be a potential reason for
the growth impeded phenotype observed earlier in knock out β4Gal-T1 mice [52]

Figure 4. Biosynthesis of a core 2 O-glycan with Lewis X, (LeX,SSEA-1), Sialyl-Lewis (SLex) or 6-sulpho Sialyl (6-Sulpho-
Lex synthesized at the terminus of poly-N-Acetyllactosamine chains. The action of β4Ga|Ts and β3GnT are indicated
with arrows. Sia|;Sia|ic acid, Gal;Ga|act0se, G|c;G|uc0se, Man;Mann0se, G|cNac; N-Acetylglucoseamine, Ga|TNAc; N-
Acetylgalactoseamine, β4Ga|act0syltransferases; β4GalT, β1,3-N- Acetylglucosaminyltransferase; β3GnT

7. β4GalTs involvement in Lewis X, glycosphingolipids and
embryoglycans

Lewis X: As mentioned in the beginning of this chapter, β4GalTs are Important for the syn‐
thesis of linear or branched poly-N-acetyllactoseamines chains. They are attached to N-gly‐
can, O-Glycans or glycolipids and are synthesized by the repeating and alternate action of
N-acetylglucosaminyltransferases (β3GnT or β4GnT) and β4Gal-T1 [58]. These structures of‐
ten carry various functional epitopes important in stem cell homeostasis and inflammation
[59]. One of these antigen is called the Lewis X antigen (Lex) and constitutes the core struc‐
ture from which other antigens are synthesized. Lex epitope consists of a trisaccharide,
Galβ1-4(Fucα1-3) GlcNAcβ1 which is produced by the action of β4Gal-T1 and α-1,3-Fuco‐
syltransferase (FUT). Other examples of epitopes formed from this core, are the Sialyl-Lewis
(SLex ) and 6-sulpho Sialyl (6-Sulpho-Lex) epitopes (Figure 3), in which the latter involve the
activity of β4Gal-T4 (Table 1). These epitopes are implicated in biospecific interactions with
selectins and other glycan-binding proteins during inflammatory processes [59] as well as in
important regulatory functions during development [60]. Also, Lex structures has been im‐
plicated in specific differentiation, such as myocardial differentiation from embryonic stem
cells [60, 61].

Glycosphingolipids: Glycosphingolipids, or sometimes called glycolipids (GLS) have been
found in the upper leaflet of the plasma membrane in both lower and higher eukaryotic
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sources. Several members of β4GalT family seem to be important enzymes in the synthesis
of GSL [62]. The basic structure for GLS is a monosaccharide, usually glucose, attached di‐
rectly to a ceramide molecule, mediated through the action of ceramide glucosyltransferase
(Ugcg), resulting in a glycosylceramide (glucocerebroside;GlcCer) (Figure 5). βGalT-2 then
transfer a UDP-Galactose to the GlcCer moiety, forming Lactosylceramide (LacCer) [62]
(Figure 5). A variety of structural subclasses of GLS may then be synthesized from LacCer
by the addition of other mono and disaccharides, resulting in the synthesis of structural sub‐
classes of GLS such as ganglio-, lacto/neolacto-, globo,- -isoglo, and ganglioseries-series [63].
Many of these structures are important for various biological functions, such as for example
cell growth, myocardial differentiation cell migration and during development of the nerv‐
ous system[60, 61, 64]. When the Lex epitope is attached to a lactosylceramid it is identical to
stage specific antigen (SSEA-1). This antigen is highly regulated during embryogenesis, ex‐
pressed at the morula stage in embryos and is considered to function as a cell-cell interac‐
tion ligand in the compaction process [65].

Figure 5. Core 2 structure of the glycoplipid, Lactosylceramide (LacCer) synthesized by UDP-glucose ceramide glucosyl
transferase (Ugcg) and by β1,4Ga|act0sy|transferases (β4Ga|Ts) forming the β1,4-glycosidic linkage to ceramide.

Embryoglycans: Most developmentally regulated epitopes identified on embryonal carcino‐
ma cells and murine preimplantation embryos are associated with a glycoprotein-bound
and large glycans, called embryoglycans. Embryoglycans consists of linear of branched
poly-N-acetyllactoseamines with high molecular weight that carries a number of different
developmentally regulated carbohydrate epitopes, such as e. g. Lex, described above (Figure
6). Apart from the mouse, where SSEA-1 is abundant from the 8-cell morula stage, SSEA-1
in human is not expressed until the germ cell line and in neural stem cells. Interestingly,
β4Gal-T1 is expressed during the morula stage and has been shown to affect the compaction
process [30]. Furthermore, human ES cells express SSEA-3 and -4 SSEA-1. SSEA-1 is also ex‐
pressed in undifferentiated F9 teratocarcinoma cells. After induction of differentiation the
expression of SSEA-1 decreases. This is caused by the upregulation of alpha-1,3-galactosyl‐
transferase that is responsible for masking of the Lex structure [66, 67]. The stage specific
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directly or indirectly connected to cell cycle progression and could be a potential reason for
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sources. Several members of β4GalT family seem to be important enzymes in the synthesis
of GSL [62]. The basic structure for GLS is a monosaccharide, usually glucose, attached di‐
rectly to a ceramide molecule, mediated through the action of ceramide glucosyltransferase
(Ugcg), resulting in a glycosylceramide (glucocerebroside;GlcCer) (Figure 5). βGalT-2 then
transfer a UDP-Galactose to the GlcCer moiety, forming Lactosylceramide (LacCer) [62]
(Figure 5). A variety of structural subclasses of GLS may then be synthesized from LacCer
by the addition of other mono and disaccharides, resulting in the synthesis of structural sub‐
classes of GLS such as ganglio-, lacto/neolacto-, globo,- -isoglo, and ganglioseries-series [63].
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ous system[60, 61, 64]. When the Lex epitope is attached to a lactosylceramid it is identical to
stage specific antigen (SSEA-1). This antigen is highly regulated during embryogenesis, ex‐
pressed at the morula stage in embryos and is considered to function as a cell-cell interac‐
tion ligand in the compaction process [65].

Figure 5. Core 2 structure of the glycoplipid, Lactosylceramide (LacCer) synthesized by UDP-glucose ceramide glucosyl
transferase (Ugcg) and by β1,4Ga|act0sy|transferases (β4Ga|Ts) forming the β1,4-glycosidic linkage to ceramide.
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6). Apart from the mouse, where SSEA-1 is abundant from the 8-cell morula stage, SSEA-1
in human is not expressed until the germ cell line and in neural stem cells. Interestingly,
β4Gal-T1 is expressed during the morula stage and has been shown to affect the compaction
process [30]. Furthermore, human ES cells express SSEA-3 and -4 SSEA-1. SSEA-1 is also ex‐
pressed in undifferentiated F9 teratocarcinoma cells. After induction of differentiation the
expression of SSEA-1 decreases. This is caused by the upregulation of alpha-1,3-galactosyl‐
transferase that is responsible for masking of the Lex structure [66, 67]. The stage specific
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embryonic antigens 3 and 4, (SSEA-3,-4) are from the globo-series of glycosphingolipids
(GL-5 and GL-7) and have not been found on linear poly-N-lactosamines [68].

Glycoseaminoglycans (GAG): GAGs are long unbranched polysaccharides containing a re‐
peating disaccharide unit. The disaccharide units contain either one of two modified sugars,
N-acetylgalactosamine (GalNAc) or N-acetylglucosamine (GlcNAc), and a uronic acid such
as glucuronate or iduronate, forming heparin sulphate and hondroitin sulphate, respectively
[69]. GAGs are highly negatively charged molecules, and are located primarily on the sur‐
face of cells or in the extracellular matrix (ECM). GAGs are normally attached to soluble or
membranes bound core proteins to form proteoglycans which carries various carbohydrate
markers expressed on early embryonic cells [60]. In the few past years it has become clear
that many growth factor such as EGF and FGF has been shown to bind specific pentasac‐
charides within GAGs efficiently affect signaling during development [70]. The integrity of
proteoglycans is important. One of the β4galactosyltransferase, β4Gal-T4, is one has recently
been shown to be involved in the biosynthesis of keratin sulphate (KS), in which TRA-1-60
and TRA-1-80 epitopes are found, [14]. Furthermore, β4GalT-7 is involved in the synthesis
of the GAG linkage region to proteoglycans, by catalyzing the transfer UDP-Gal to an O-
linked Xylose/Ser residue in the sequence, GlcAcβ1-3Galβ1-3Galβ1-4Xylβ1-O-ser [23].

8. βGalTs and ESC signaling pathways

A number of reports have suggested β4GalTs to be direct or indirect mediators and regula‐
tors of cytokine signaling during stem cell and/or cancer development. As discusses below,
many signal transduction pathways, such as EGF, FGF, Wnt and the Notch pathway, that
utilize Lex-containing carbohydrates are potential targets for aberrations in β4GalTs activi‐
ties:

8.1. Epidermal Growth Factor (EGF)

EGF is involved in the regulation of cell  proliferation and exerts its  effects in the target
cells  by  binding to  the  plasma membrane located EGF receptor.  The  EGF receptor  is  a
transmembrane protein tyrosine kinase. Binding of EGF to the receptor causes activation
of  receptor  autophosphorylation,  which  is  essential  for  the  interaction  of  the  receptor
with  its  cytosolic  substrates.  In  mouse  embryonic  stem  cells  (mESC),  EGF  has  been
shown to stimulate proliferation of mouse ES cells via PLC/PKC, Ca2+influx and p44/42
MAPK  signal  pathway  through  EGF  tyrosine  kinase  phosphorylation  [71].  Altering  the
core components of N-linked glycans will change the EGF binding, the transport and the
receptor  endocytosis  meanwhile  substitution  of  the  outer  chain  or  terminal  glucosides
have been shown to affect the phosphorylation state and the dimerization of the receptor
[72,  73].  Cell  surface βGalT1 has been suggested to associate with and disrupt autopho‐
phorylation of EGF receptor Hinton et.  al,  showed that when a dominant negative form
of  long β4GalT-1  was over  expressed in  F9  embryonic  carcinoma cells,  the  endogenous
and active cell surface GalT-1 is displaced from its association to actin cytoskeleton. This
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inhibition  of  cell  surface  β4GalT-1  resulted  in  increased  tyrosine  phophorylation  of  the
EGF receptor and attenuated cell proliferation, while the shorter form of βGal-T1 did not
have any effect [48]. These results implies that cell surface β4Gal-T1 has an inhibitory ef‐
fect on EGF activity. Later, several groups substantiated this observation by showing that
knock-down of β4GalT1 activity in SMMC7721 hepatocarcinoma cells,  elevated the auto‐
phosporylation of EGFR. Reversibly, the level of tyrosine phosphorylation was attenuated
if cell surface βGal-T1 was over expressed [74]. Interestingly, EGF treatment of HeLa cells
has been shown to increase the β4Gal-T1 mRNA level,  suggesting that β4GalT1 also act
in  a  negative  feedback  loop on  EGF activity  [17].  In  another  elegant  experiment,  using
mutant  Chinese  hamster  ovary  cells  (CHO),  where  the  levels  of  six  beta  β4Galactosyl‐
transferases  (βGalT1-6)  were  reduced,  the  protein  level  of  active  and  surface-located
EGFR  was  greatly  attenuated  without  affecting  the  transcriptional  level  and  activity  of
EGF receptor [75].  β4Gal-T1 has also been shown to positively affect EGFR activity. Iso‐
prenaline,  a  β-adrenergic  receptor  has  a  dramatic  growth  stimulating  activation  on  the
salivary  glands  of  rat  and  mice,  eventually  leading  to  hyperplastic  and  hypertrophic
gland enlargement. This effect has been suggested to be mediated in part by cell surface
β4Gal-T1  by  mimicking  EGF  receptor  mediated  receptor  ligand  binding  and  activation
[76].  In any case,  the specific  β4GalT1 binding site on the EGF receptor has not,  as yet,
been investigated but  it  is  possible  that  the  recently  discovered extracellular  location of
O-linked GlcNac moieties on the EGF receptor,  could act as a recognition signal,  as has
been  observed  for  other  membrane  anchored  extracellular  proteins,  such  as  Notch  and
Dumpy receptor [77, 78]. In this scenario, β4GalT1 could act as a lectin like molecule, us‐
ing its substrate, GlcNAc [79, 80].There are also possibilities for other, more indirect and
β4Gal-T1 dependent effects on EGF receptor function, such as the ganglioside GM3. The
synthesis of this glycolipid is dependent on β4Gal-T2 activity, and has been shown to in‐
hibit  ligand-induced  tyrosine  phophorylation  of  EGF  receptor  through  its  sialyllactose
carbohydrate moiety by interacting with the GlcNAc termini [72, 81].

8.2. FGF-2

Fibroblast growth factor (FGF) functions as a natural inducer of mesoderm, regulator of cell
differentiation and autocrine modulator of cell growth and transformation of various cell
types. FGF is activated by ligand-receptor interaction that results in tyrosine phosphoryla‐
tion of the intracellular domain of the FGF receptor [82]. FGF-2 is often used as a key player
in regulating self renewal and proliferation of human embryonic stem cells. Recently FGF-2
has been shown to regulate the transition from one pluripotent state to another. It has been
speculated that human embryonic stem cells, due to their precautious ability to differentiate
in culture, are identical to a later or “primed” developmental stage of mouse embryonic
stem cells, EpiESC. LIF signaling is dispensable for this state, but instead relies on FGF sig‐
naling. Inhibition of FGF signaling with inhibitors in the presence of human LIF can “res‐
cue” human embryonic stem cells from a primed state to a more naïve state, e g full
pluripotency [83].This difference is still unclear but there are indication that extracellular
proteoglycans, such as heparin sulphate (HSPG) acts as key co-activators of FGF receptors.
Furthermore, during development, oligosaccharides from embryoglycans are often shed in‐
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to the extra cellular environment where they can influence cytokine and mitogen signaling.
Lewis x epitopes on embryoglycans acts as a recognition molecule for FGF2 and plays an
active role in the formation of FGF ligand receptor complexes. Free and soluble sulphated
Lewis X was most prominent to activate the FGF-2 mitogenic acitivity [84, 85]. Also exoge‐
nous and free glycolipids in the form of gangliosides, can interact with the FGF-2. Ganglio‐
sides are derivatives of LacCer with a neuraminic acid (NeuAc) attached to the core, and
seem to have dual roles in affecting both EGF and FGF proliferative action; soluble ganglio‐
sides and sulphated heparin act in a negative manner meanwhile membrane bound ganglio‐
sides increase the receptor activity. It seems clear that the close interplay between Lex

epitopes, adhesion molecules and cytokines has an important impact on the efficiency by
which ligands are presented, and ultimately results in receptor oligomerization of the recep‐
tors and signalling [70]. It is therefore possible that β4GalTs could mediate some aspect of
FGF receptor signalling, as described below.

8.3. Wnt pathway

The Wnt family of growth/differentiation factors has important developmental roles in em‐
bryonic stem cells. They act through the complex of Frizzled receptor and LPR co-receptor
with effect on β-catenin transcriptional activity [86]. Similarly to EGF, the activity of Wnt al‐
so depends on association with HSPG for activity. HSPG is a rich source for developmental‐
ly regulated Lex epitopes. Furthermore, Wnt-1 has been shown to interact directly with Lex

epitopes [87]. These observations suggests that surface bound and secreted Lex have a regu‐
latory function in stabilizing the stem cell niche, where they binds to and present appropri‐
ate factors, important for cell proliferation and self renewal.

8.4. Notch pathway

In a stem cell niche, stem cells and a variety of progenitor cells have to receive both temporal
and spatial signals in order to differentiate or stay pluripotent. Also, during development
and differentiation, cells have to decipher their precise localization in the dorso-ventral
plane in order to form distinct and proper boundaries with other cell types in the tissue.
These processes are governed by the Notch/ Delta system [88]. Notch is an essential devel‐
opmental glycoprotein that plays key roles in both growth control and cell fate decisions. It
is a transmembrane glycoprotein with a large extracellular domain made up of 29-36 EGF
repeats, which can contain both N-linked and O-linked EGF repeats [90]. When Notch re‐
ceptor is activated by a ligand on adjacent cells it is proteolytically cleaved, disposing the
extracellular domain, followed by a second cleavage resulting in the released of the intracel‐
lular domain into the cytosol where it translocates to the nucleus and activates the transcrip‐
tion of numerous developmental genes. There are two ligands to Notch receptor, Delta and
Jagged. Even though Notch receptor is ubiquitously expressed, Delta and Jagged are not
usually located in the same cells but rather in different parts of the tissue during develop‐
ment where they exert their effect dependent on cell type and/or the environment. To avoid
ubiquitous activation, Notch undergoes a post translational modification in which Fucose is
first attached to certain EGF repeats on the extracellular domain of the receptor by O-Fuco‐
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syltransferase (O-FucT1). An N-acetyl glucosamine (GlcNac) and a Galactose (Gal) residue
are then sequentially added to the fucosyl residue by the action of Fringe, a O-fucose β1,3-
N-Acetyl glucosaminyl transferase and β4Gal-T1, respectively. The addition of Gal is neces‐
sary for the enhancement of Delta dependent signaling but not sufficient for the inhibition of
Jagged induced Notch activation [89]. Recently, another layer of regulation of Delta induced
Notch signaling was discovered in which the two Fringe genes, Lunatic Fringe (LFNG) and
Manic Fringe (MFNG), seem to exhibit differential activity toward Delta dependent Notch
activation. Gal was required for enhancement of Notch activation through LFNG and inhib‐
ited the enhancement of Delta induced signaling [90, 91]. Apart from O-linked Fucosylation,
an O-linked GlcNAc modification of Notch EGF repeats was recently discovered [77]. Al‐
though the O-GlcNac modification is known to regulate a wide range of cellular processes,
the list of known modified proteins has previously been limited to intracellular proteins in
animals. Thus, this novel finding predicts a distinct glycosylation process associated with a
novel regulatory mechanism for Notch receptor activity that may include a variety of
βGalTs [77]. Furthermore, continuous hypoxic culturing conditions have been shown to acti‐
vate Notch signaling to allow long-term propagation of human embryonic stem cells with‐
out spontaneous differentiation. Stem cells isolated and cultured under low oxygen tension
(hypoxia) condition have been shown to maintain a stable pluripotency potential because of
Notch activation [92]. Recently, it was also shown that β4GalT1 derived Lewis X epitopes on
N-linked glycans was necessary for Notch activity and in the propagation of neural stem
cells (NSC) [93].

9. β4GalTs deficiency in fish

It has been a challenge to get a consensus of the mechanisms by which complex carbohy‐
drates control aspects of mammalian development and early differentiation. Some of the
information  has  been  available  from  knock-down  experiment  of  individual  galactosyl‐
transferases.  However,  since  many carbohydrate  functions  during early  development  in
mammals are confined to “ in utero”, further analysis of the physiological effects of galac‐
tosyltransferases has not been possible. An attractive model using a more efficient “high-
throughput “ a assay system, is  the zebrafish system. β4Gal-T1:  The zebrafish β4Gal-T1
has the highest sequence homology to β4Gal-T1 among the human β4GalT family. β4Gal-
T1  morpholino  treated  embryos  had  a  truncated  anterior-posterior  axis  phenotype  that
was a result of a defect in convergent extension [94]. Convergent extension is a develop‐
mental process that relies on coordinated cell migration to elongate and narrow a field of
cells. Laminin is an extracellular substrate for cell surface β4Gal-T1 and constitutes one of
the major components of the basement membrane upon which cell  adhesion and migra‐
tion  occur  during  development  [29].  Interestingly,  in  the  mopholino  treated  embryos,
laminin  was  hypo-galactosylated  and  hence  could  explain  the  decreased  in  ectodermal
cell migration of [94]. β4Gal-T2: Tonoyama, et al. showed that β4Gal-T2 was indispensa‐
ble  for  mediolateral  cell  intercalation and thus  extension movement  during gastrulation
[95]. The specific substrates for β4Gal-T2 activity in glycoproteins responsible for these ef‐
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fects are currently not known but has been speculated to be related with N-glycosylated
FGF receptor signaling. FGF signaling pathway is dependent on its N-glycans in the in‐
teraction  with  heparin  co-receptor,  regulating  the  efficiency  of  signaling  [96].  β4Gal-T5:
Transforming Growth factor (TGFβ) and bone morphogenic protein (BMP) are polypep‐
tide  members  of  the  transforming  growth  factor  beta  (TGF)  super  family  of  cytokines.
They are both secreted protein that performs many cellular functions, including the con‐
trol  of  cell  growth,  cell  proliferation,  cell  differentiation  and  apoptosis.  In  this  context,
knock-down of  β4Gal-T5  using  morpholino-injected  zebrafish  resulted  in  embryos  with
an elongated dorso-ventral axis and a defective tail bud [97]. This effect was suggested to
be mediated through a decreased BMP-2 (a TGFβ family member) binding to proteogly‐
can due to defective glycosylation, and subsequent attenuation of SMAD signaling.

10. β4GalTs deficiency in mouse and human

Many diseases  such as  disorders  of  blood clotting,  congenital  disorder  of  glycosylation,
diseases of blood vessels, cancer, angiogenesis essential for breast and other solid tumor
progression and metastasis,  are all  associated with a dysfunctional  N-glycan expression.
The  expression  of  many  galactosyltransferases  is  under  control  of  cytokines  and  could
therefore  become  altered  in  various  disease  states.  In  order  to  find  physiological  func‐
tions for  each galactosyl  transferases,  researchers have used both mouse and rat  knock-
out models. β4Ga-T1:  β4Ga-T1 was the first galactosyltransferase that indicated potential
relevance  in  physiology.  About  50% of  β4Gal-T1,  knock-out  mice  died  prematurely  be‐
cause of pituitary deficiency [10].The surviving animals showed growth retardation,  ele‐
vated  proliferation  of  skin  epidermis,  and  delayed  wound  healing  due  to  attenuated
leukocyte  recruitment  and  infiltration  [59].  Recently,  some  diseases  in  humans  due  to
aberrations  in  β4Gal-T1  have  emerged.  For  example,  congenital  disorders  of  glycosyla‐
tion  (CDGs)  comprise  a  group of  inherited  disorders  associated  with  psychomotor  and
mental  disorders.  One  of  these  groups,  CDGII,  comprises  all  defects  in  trimming  and
elongation of  N-linked oligosaccharides.  CDGIId fall  into a  group in which β4Gal-T1 is
mutated in its catalytic domain. This resulted in an aberrant translation product that was
15 kDa shorter  than normal.  Since β4GalT-1 has been shown to be is  important  during
the early development of the brain, the phenotype from this mutation is mental retarda‐
tion [98]. β4Gal-T5: Furthermore, knock-out β4Gal-T5 in mouse resulted in growth retar‐
dation and early lethality of embryos due to hematopoietic and/or placental defects [99].
Also the expression of β4Gal-T5 strongly increased during embryonic stem (ES) cell  dif‐
ferentiation  [22].  Both  β4Gal-T5  and  β4Gal-T6  are  lactosylceramid  synthases.  However,
β4Gal-T5 is more restricted to the early embryogenisis than β4Gal-T6, which is more lim‐
ited to adult  brain.  β4GalT-5 deficient animals showed abnormal extra embryonic struc‐
tures  that  led  to  embryonic  lethal  phenotype  at  day  E10.5.  β4Gal-T7:  A  rare  genetic
mutation of β4Gal-T7,  believed to be the consequence of two missense mutations in the
active  domain  resulted  defective  GAG  chain  formation  [15]  gives  rise  to  Ehlers-Danlos
disease.  This  is  a  disorder  in  which  patients  exhibit  phenotypes  such  as  aged  appear‐
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ance, developmental delay, dwarfism, craniofacial disproportion, delayed wound healing,
loose skin, and general ostopenia [15, 100].

11. Potential treatments

The involvement of β4GalTs in cancer, inflammation and during development / stem cell
homeostasis  has  encouraged  research  to  come  up  with  new  modalities  that  can  either
boost  or  inhibit  the expression/activity of  endogenous glycosyltransferases.  I  will  briefly
discuss potential therapeutic models for treatment that will inhibit or activate specific gal‐
actosyltransferases.

11.1. Protein ubiquitination

A potential regulator of a galactosyltransferase, GTAP, was discovered 2008 in a two hybrid
screen of a mouse embryonic library, using the cytoplasmic domain of cell surface Gal-T1 as
bait. Ectopically expressed GTAP down regulated the expression of cell surface bound
GalT-1 and negatively affected both laminin dependent stem cell migration and embryonic
body formation during differentiation. GTAP is an ubiqutin conjugating enzyme that is ex‐
pressed during early development of the inner cell mass and in embryonic stem cells but al‐
so in highly proliferative tissues, such as, such as kidney, lung and testis. This effect was not
due to a proteasome dependent degradation of βGal-T1 but an increase of ubiquitin depend‐
ent lysosomal activity. So far this is the only report on ubiquitin related regulation of a cell
surface galactosyltranferase and may be important for the development of more effective
and specific inhibitors of various glycosyltransferases in glycan related diseases. The only
known ubiquitin/proteaseome regulated system of glycans so far, is the endoplasmic reticu‐
lum assisted degradation (ERAD).This system helps cells to avoid stress and cell death by
degradation of missfolded proteins in the ER [101]

11.2. Analogues to GalT donor and acceptor

A limited number of GalT-1 inhibitors have been described. Most of them have been ana‐
logues of either the donor substrate (e.g Gal) or the acceptor (GlcNac) molecules to galac‐
tosyltransferases.  E.  g.  a  modified  GlcNac  acceptor,  called  compound 612,  was  recently
discovered  showing  differential  affinities  for  β4Gal-T1  and  β4Gal-T5,  two  galactosyl
transferases with similar acceptor specificities [102].  Also,  in contrast to other β4galacto‐
syltransferases,  β4Gal-T7  has  the  ability  to  bind,  but  not  actively  transfer  Mannose  or
GalNAc to an acceptor substrate, implying that these donors can be used as potential in‐
hibitors to GAG synthesis [103]

11.3. Lectins

During recent years, several laboratories, using specific cell lines that either over express
or lack different glycosyltransferases in combination with high density lectin microarrays.
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In order to entangle the mechanism by which the cellular glycome can influence stem cell
pluripotency and differentiation. Lectins are proteins that bind to particular carbohydrate
epitopes in a similar manner as an antibody. Glycans are located at the cell surface where
many  signal  transduction  pathways,  cell-cell  interaction  and  cell-to  cell  recognition  are
constantly active. Interactions between glycans and endogenous lectins may influence self
renewal,  maintenance  of  pluripotency  and  differentiaon  of  iPS/ESC.  Such  an  approach
has already been tested in which synthetic substrates, mimicking endogenous lectins, can
facilitate the formation of induced pluripotent cell( iPSC) and help sustain long term cul‐
ture of human ESCs [104]

12. Conclusion and perspectives

It is clear that both N-linked and O-linked glycans are implicated in many intricate and com‐
plex processes during development, differentiation and in many diseases. For many years
glycosyltransferases were thought of as just redundant enzymes acting solely in the ER and
Golgie, creating oligosaccharide structure mostly important for transport and solubility of
secreted proteins. However, in the last decades, the functions of glycosyl transferases have
been expanded to involve receptor oligomerization, antigen presentation, endocytosis, li‐
gand-receptor binding, and even signal transduction. These observations have attracted at‐
tention in the stem cell biology field. Several markers for pluripotency, such as Lewis X
antigen, e.g. SSEA-1, -3 and -4, and the keratin sulphate related markers, TRA-1-60 and
TRA-1-80, are all dependent on functional galactosylation for their synthesis and functional‐
ity. The levels and modifications of these embryonic derived antigens are changing upon
differentiation. These markers have mainly been used, and are still used, as markers for iso‐
lation and propagation of different stem cell populations. With recent technological advan‐
ces and the development of more efficient lectin microarrays and HPLC systems, more and
more details of the functional and structural requirements of early epitopes during stem cell
self renewal and differentiation, are emerging. These techniques, combined with specific
knock- down models and ectopical expression of individual galactosyltransferases, would
eventually reveal the molecular mechanisms by which glycans influence stem cell and can‐
cer progression. The complex interplay between members of the galactosyltransferase fami‐
ly, does not only affect the core structures of glycans but are also extensively involved in the
synthesis of other bioactive compounds, such as glycolipids and the Lexis X antigens that
affect a variety of biological systems spanning from cell migration to signal transduction.
The presence of the long form of β4Gal-T1 at the cell surface raises many interesting ques‐
tions on how this receptor, or maybe other glycosyltranferases as well, can influence so
many different signal transduction pathways in the regulation of cell cycle, cell death, prolif‐
eration and differentiation. Apart from being located to the Golgi complex, where it is re‐
sponsible for creating complex oligosaccharide structures on proteoglycans and glycolipid,
the cell surface β4Gal-Ts also affect intracellular signal transduction pathways. As seen in
Figure 6, cell surface β4GalTs can indirectly affect many cell specific functions because of its
involvement in the synthesis of glycolipids, embryoglycans and many embryonal epitopes,

Pluripotent Stem Cells362

such Lewis X antigens. These complexes will either stabilize growth factor or cytokine-re‐
ceptor complexes or, after shedded into the extracellular matrix during differentiation, in‐
hibit receptor function. A change in galactosyltransferase activity could therefore indirectly
affect the stem cell nitch by hinder effective glycolipid, proteoglycan/GAG synthesis and
signal transduction through tyrosin kinase (TK) receptors. Secondly, apart from binding to
the extracellular matrix, such as laminin, the cell surface β4Gal-T1 could also act directly as
a lectin-like molecule that bind to tyrosine receptors (EGF, FGF or Notch), either on the
same cells, or on adjacent cells, as long as a terminal GlcNAc are presented. This could ei‐

Figure 6. Schematic view of cell surface β4GalTs potential functions. Cell surface as well as Golgi bound long β34Gal‐
actosyltransferase (GalTs) can influence stem cell homeostatis. TK; Tyrosin kinase. AC; actin, GC; Golgi complex, GL;Gly‐
colipid, PM; Plasma membrane, Ptyr; Tyrosine phosphorylation, PG; Proteoglycan, S04; sulphate, Neu;Neuramic acid,
Gal;Galactose, Glc;Glucose, Man;Mannose, GalNAc; N-Acetylgalactosamine, GalNAc; N-Acetylgalactoseamine, Fuc;Fu‐
cose.
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ther create a block or enhancement of the TK receptor- ligand complexes, or even hinder di‐
merization and activation of the receptors. Furthermore, the β4GalT-receptor binding could
lead to aggregation of cell surface β4Gal-T1, increasing its association to actin, and subse‐
quently lead to increase in intracellular signal transduction through FAK, SSeCKS and other
signalling molecules. In this scenario, it is plausible that β4GalTs, control a myriad regulato‐
ry feedback loops. It is clear that so much more of the biological function of GalTs has to be
understood in order to unravel attractive and potential therapies for cancer and in regenera‐
tive medicine.
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1. Introduction

Four key milestones have to be realized for the ideal customized stem cell therapy to be
successful. First, stem cells utilized in these therapies have to be genetically stable and
epigenetically regulated to ensure the safety of stem cells employed in any future therapies.
This is essential to ensure that patients undergoing stem cell therapy are not exposed to
increased risks of tumorigenesis and other mutagenic diseases. Second, stem cells should be
able to evade the innate immune response of patients, possibly via the secretion of immuno‐
suppressive molecules that inhibit immune responses or by displaying host cellular recogni‐
tion markers. The survival of transplanted stem cells is crucial for the design of an effective
therapy. Additionally the ability of transplanted stem cells to evade immune detection and
inflammatory responses will prevent undesired symptoms such as graft-versus-host-disease
in patients. Third, stem cells employed in these therapies should be location specific. These
stem cells should possess specific homing cell surface markers that will allow them to locate
and migrate to specific localities. This will ensure that stem cells used in therapies will only
accumulate in diseased tissues for targeted therapeutic effect, and not in other healthy regions
where detrimental non-specific interactions might occur. Finally, the stem cells used in these
therapies should be functionally specific and disease relevant. Transplanted stem cells should
be designed to restore a healthy phenotype in patients. These cells should be able to restore
organ and tissue function in regenerative therapies, either directly by replicating to replace
damaged portions of these organs and tissues and/or indirectly by secreting therapeutic
molecules to mediate their functional restoration. These stem cells should also be epigenetically
primed for specific functions to ensure that they are able to reverse the effects of treated
diseases while minimizing unwanted side effects.

Stem cells are commonly classified into three broad categories based on how they were
derived. Embryonic stem cells (ESCs) are stem cells that are isolated from the inner cell mass
of the early developing embryo. Adult stem cells assist in the natural regeneration and repair
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in developed organisms and can be purified from their tissues. Induced pluripotent stem cells
(iPSCs) are artificially derived stem cells that are formed via various genetic and epigenetic
reprogramming procedures. Of the three broad categories of stem cells, adult stem cells are
most widely utilized in clinical trials and experimental therapies worldwide. Most adult stem
cells are multipotent and differentiate to form only a limited subset of cell types. Hence these
stem cells are commonly classified according to their developmental commitment or tissue
source. Examples of adult stem cells include mesenchymal stem cells (MSCs), neural stem cells
(NSCs), hematopoietic stem cells, inner ear stem cells, mammary stem cells, endothelial stem
cells, intestinal stem cells, and testicular stem cells.

Adult stem cells present the first success of human experimental stem cell therapy. There are
several reasons why adult stem cells therapies are currently more successful than ESC and
iPSC therapies. Firstly, stem cell therapies involving adult stem cells are often autotransplants
with minimal potential for immune rejection. These adult stem cells can be harvested directly
from individual patients before being utilized as transplants. Hence these adult stem cells will
exhibit host cell recognition molecules unlike ESCs and iPSCs that may provoke an immune
response when used in therapies. Secondly since most adult stem cells therapies involve
minimally processed cells, there a reduced possibility of genetic mutation or chromosome
aberration occurring compared to ESCs and iPSCs that have to be cultured extensively in vitro
before their use in therapies. Thirdly, adult stem cells do not readily form tumors when
introduced into patients and are considered to be safer than ESCs and iPSCs that display
greater carcinogenic potential. Finally, the use of adult stem cells in therapies is not considered
to be controversial as they can be readily extracted from patient tissues and do not require the
destruction of embryos to derive stable cell lines unlike ESCs. These key advantages of adult
stem cells have led to their wider utilization in research and various clinical trials compared
to ESCs and iPSCs.

2. Mesenchymal stem cell therapy

Mesenchymal stem cells (MSCs) are one of the first multipotent adult stem cells to be utilized
in stem cell therapies. These stem cells have the ability to differentiate and form bone, cartilage,
and adipose tissues. While the bone marrow is the most common source of MSCs for thera‐
peutic purposes, they can also be found in adipose and synovial tissue, skeletal muscles,
peripheral blood, breast milk, and the umbilical cord [1, 2].

While these stem cells are commonly referred to as MSCs, they actually form a heterogeneous
population of cells as evidenced by differences in proliferative capacity, differentiation
potential, cellular markers, and morphology. For example, MSCs derived from the bone
marrow (M-MSC) have lower proliferative capacity, followed by adipose tissue MSCs (A-
MSC) and umbilical cord blood MSCs (U-MSC) which have the highest proliferative capacity
[3]. MSCs also have differing differential potentials. For example, bone marrows MSCs have
a higher chondrogenic potential while adipose MSCs have a lower chondrogenic potential [4,
5]. In addition both bone marrow and adipose MSCs readily form cells with adipogenic
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phenotypes unlike umbilical cord blood MSC that display a lower capacity to form adipocytes
[3, 6]. MSCs also express different cellular markers. For example A-MSCs express CD34,
CD49d, and CD54 at higher levels than M-MSCs while M-MSCs and U-MSCs express higher
levels of CD 106 than A-MSCs [7]. M-MSCs and A-MSCs also have higher levels of CD90 and
CD105 expression when compared to U-MSCs [3]. The morphology of MSCs can also differ
significantly and even MSCs from the same source display heterogeneous morphologies.
Various descriptions of MSCs in the literature include spindle shaped, round, fibroblastoid
cells, flattened cells, and blanket cells [8, 9]. Further studies to understand these inherent
differences in various subpopulations of MSCs could lead to an improved understanding of
how epigenetic differences regulate stem cell differentiation fates, homing to specific recog‐
nition sites, proliferation rates, and senescence.

M-MSCs are currently the most widely used stem cells in clinical trials and therapies. Both
autograft and allograft M-MSCs have been extensively tested for their therapeutic safety and
effectiveness in alleviating the symptoms of several diseases. One of the key reasons for the
success of M-MSCs therapy is because these cells possess intrinsic immunomodulatory
properties that enable M-MSCs to inhibit and evade potential immune rejection when
transplanted [10]. M-MSCs are able to inhibit the maturation and function of various immune
cells including dendritic cells, natural killer cells, B cells, and T lymphocytes [11]. Additionally
M-MSCs have reduced immunogenicity due to their minimal expression of surface MHC ІІ
proteins and the lack of T cell stimulatory proteins like CD80 and CD86 [12]. Another important
reason for the early success of M-MSCs based therapies is that MSCs have low tumorigenic
potential and are safer than therapies based on ESCs or iPSCs which display robust tumori‐
genicity [13].

Due to these intrinsic advantages of MSCs, clinical trials can be conducted to evaluate their
safety and effectiveness in treating various diseases. For example, the safety and effectiveness
of M-MSC transplantation for joint cartilage repair has been evaluated in several studies. In a
clinical trial involving 41 patients studied over a period of between 5 to 137 months, M-MSC
transplantation did not contribute to increased risk of tumors or infection [14]. Another study
has reported the potential for M-MSC regenerative knee therapy to induce cartilage and
meniscus growth and increase range of motion [15]. These results are supported in a larger
scale M-MSC transplantation study involving 339 patients which reported no increased risk
of tumor formation and a significant improvement of knee function in transplant patients [16].
While further clinical trials have to be conducted to verify these preliminary results, the
successes of these initial clinical trials indicate that M-MSC therapy is likely to be safe and can
catalyze cartilage repair.

The effectiveness of M-MSC and other MSC therapies for various autoimmune diseases has
also been studied in several small clinical trials. These autoimmune diseases include multiple
sclerosis, Crohn’s disease, scleroderma, and systemic lupus erythematosus [17]. The causes of
many of these autoimmune diseases are not well understood and it is likely that while the
patients suffer from similar symptoms, contributing disease factors may vary significantly
between patients. However the application of a generic MSC transplantation therapy was
successful in alleviating the symptoms of these patients in several clinical trials.
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potential and are safer than therapies based on ESCs or iPSCs which display robust tumori‐
genicity [13].

Due to these intrinsic advantages of MSCs, clinical trials can be conducted to evaluate their
safety and effectiveness in treating various diseases. For example, the safety and effectiveness
of M-MSC transplantation for joint cartilage repair has been evaluated in several studies. In a
clinical trial involving 41 patients studied over a period of between 5 to 137 months, M-MSC
transplantation did not contribute to increased risk of tumors or infection [14]. Another study
has reported the potential for M-MSC regenerative knee therapy to induce cartilage and
meniscus growth and increase range of motion [15]. These results are supported in a larger
scale M-MSC transplantation study involving 339 patients which reported no increased risk
of tumor formation and a significant improvement of knee function in transplant patients [16].
While further clinical trials have to be conducted to verify these preliminary results, the
successes of these initial clinical trials indicate that M-MSC therapy is likely to be safe and can
catalyze cartilage repair.

The effectiveness of M-MSC and other MSC therapies for various autoimmune diseases has
also been studied in several small clinical trials. These autoimmune diseases include multiple
sclerosis, Crohn’s disease, scleroderma, and systemic lupus erythematosus [17]. The causes of
many of these autoimmune diseases are not well understood and it is likely that while the
patients suffer from similar symptoms, contributing disease factors may vary significantly
between patients. However the application of a generic MSC transplantation therapy was
successful in alleviating the symptoms of these patients in several clinical trials.
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Multiple sclerosis is a debilitating autoimmune disease caused by immune mediated damage
of neural myelin sheath. Progressive neural damage results in many disabling symptoms
including the loss of balance, vision and memory. M-MSC clinical trials for multiple sclerosis
therapy have provided limited preliminary data indicating that M-MSC transplantation is safe,
inhibits the progress of multiple sclerosis through immune regulated neuroprotection, and can
repair limited damage to the CNS [18, 19]. For example, in a preliminary phase 2 clinical trial
involving 10 patients diagnosed with progressive multiple sclerosis, autologous infusion of
externally expanded M-MSCs was shown to improve visual acuity and increase optic nerve
area without any major side-effects [18].

Crohn’s disease is a chronic autoimmune bowel disease characterized by inflammation of the
gastrointestinal tract. In severe cases, this uncontrolled immune response may result in
infection, hemorrhage, and intestinal fistulas. M-MSC clinical trials involving patients
suffering from Crohn’s disease have sought to harness the innate immunomodulatory capacity
of MSCs to mitigate abnormal immune response in these patients and determine the safety of
any potential therapies. In two phase one clinical trials a total of 22 adult Crohn’s disease
patients were enrolled to investigate the effects of M-MSC therapy. In the first trial it was
determined that while autologous M-MSC infusion therapy did not result in adverse side
effects, it only had a modest impact in alleviating the autoimmune response in these patients
[20]. In the second trial in vitro expanded M-MSCs were directly injected into the intestinal
wall and lumen [21]. When M-MSCs were directly injected, they were able to inhibit inflam‐
mation locally and mediate healing of intestinal tissue in these regions.

Scleroderma is an autoimmune connective tissue disorder characterized by accumulation of
collagen in the skin, heart, kidneys or lungs. This buildup of collagen may lead to skin ulcers,
pulmonary fibrosis, heart and kidney failure. Exploratory M-MSC clinical trials involving
patients suffering from Scleroderma have sought to harness the regenerative and immuno‐
modulatory capacity of MSCs to initiate ulcer healing and prevent organ failure while
evaluating the safety of these therapies. In two separate phase one clinical trials a total of 7
adult scleroderma patients were enrolled to determine the effects of M-MSC therapy. In the
first trial allogeneic transplantation of donor M-MSC was performed via intravenous infusion
and was associated with possible pericardial calcification and increased risk of cardiac
impairment. While patients in this trial displayed a slight improvement in MRSS score and
healing of skin ulcers, the effects were on occasion only temporary and the disease regressed
in some patients [22]. The second trial involved autologous transplantation of either M-MSC
or peripheral stem cells in patients via intramuscular injection [23]. This local stem cell therapy
was able to induce healing of skin ulcers in these patients and improved endothelial function
of blood vessels.

Systemic lupus erythematosus (SLE) is a chronic autoimmune disorder that can affect the
kidney, lung, brain, and other organs. Severe SLE may result in kidney failure, stroke, and
inflammation of blood vessels. M-MSC clinical trials in SLE patients have attempted to treat
progression of SLE symptoms by harnessing the immunomodulatory properties of MSCs. In
two clinical trials a total of 19 patients suffering from SLE were treated with M-MSC transplants
to determine if MSC therapy is safe and effective in reversing the symptoms of SLE patients.
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In the first clinical trial SLE patients were treated with allogeneic M-MSC infusion [24].
Treatment with donor M-MSCs was shown to restore kidney function and reverse the
progression of SLE. The second clinical trial involved a larger group of patients and provided
additional evidence that M-MSC therapy could mitigate the symptoms of SLE in patients [25].

Other studies have also attempted to verify the effectiveness of M-MSC therapies for various
diseases. M-MSC therapy has been shown to improve liver function in patients suffering from
liver cirrhosis by encouraging hepatocyte proliferation [26]. The co-transplantation of M-MSCs
and kidney transplants for patients with kidney failure can reduce the risk of acute transplant
rejection and improve transplant function in treated patients [27]. M-MSC therapy can also
catalyze functional recovery and improve survival rates in ischemic stroke patients [28, 29].
These clinical studies provide preliminary evidence that M-MSC therapy is safe and the
regenerative properties of these stem cells can be harnessed to treat a wide variety of diseases.

To develop the ideal next generation stem cell therapy, it is necessary to evaluate currently
available therapies to identify their current limitations and suggest areas for improvement.
Next generation stem cell therapies will have to fulfill the four key milestones (safety, immune
evasion, location specificity, and disease relevancy) of customized stem cell therapy. Human
M-MSC therapy has been extensively studied in multiple experiments and clinical trials and
is an ideal candidate for evaluation against these key milestones.

Firstly the safety of M-MSC therapies must be considered. Multiple clinical trials mentioned
previously involving the infusion and injection of both autologous and allogeneic M-MSCs for
therapeutic purposes stated that patients were generally not exposed to increased risks of
cancer or other serious side-effects. However, a study stated that the infusion of M-MSC may
lead to pericardial calcification and increased risk of cardiac impairment in some patients [22].
As currently completed clinical trials often only involve a relatively small patient population
or are only conducted over a brief period of time, the risks of M-MSC therapies may not be
fully understood and more studies have to be conducted to ensure that the benefits of these
therapies outweigh their potential risks. Another source of concern is the use of in vitro
cultured M-MSCs in therapies. M-MSCs exist naturally in low concentrations in the human
bone marrow, and often have to be concentrated and expanded in vitro media to provide
sufficient numbers of stem cells for therapeutic purposes. This process may expose M-MSCs
to xenogeneic antigens such as in fetal calf serum in the media. Culture of M-MSCs in vitro
also exposes cells to an atmospheric oxygen concentration of 21% that is radically different
from physiological conditions of 1-7% [30]. These in vitro culture conditions may affect the
genetic and epigenetic stability of these stem cells resulting in an increased chance of muta‐
genesis. In an effort to resolve these potential issues, several studies have attempted to identify
the ideal M-MSC culture media. From these studies, it has been proposed that human platelet
lysate can be used as a viable substitute to fetal calf serum to reduce unnecessary exposure to
xenogeneic antigens [31]. M-MSCs should also be cultured in low oxygen concentrations of
approximately 3% to reduce oxidative stress and telomere shortening and increase the
proliferative lifespan and genetic stability of in vitro M-MSCs [32]. The implementation of
these protocols will provide M-MSCs with culture conditions that are more similar to the M-
MSC native environment and minimize the impact of in vitro expansion on the genetic and
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externally expanded M-MSCs was shown to improve visual acuity and increase optic nerve
area without any major side-effects [18].
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gastrointestinal tract. In severe cases, this uncontrolled immune response may result in
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suffering from Crohn’s disease have sought to harness the innate immunomodulatory capacity
of MSCs to mitigate abnormal immune response in these patients and determine the safety of
any potential therapies. In two phase one clinical trials a total of 22 adult Crohn’s disease
patients were enrolled to investigate the effects of M-MSC therapy. In the first trial it was
determined that while autologous M-MSC infusion therapy did not result in adverse side
effects, it only had a modest impact in alleviating the autoimmune response in these patients
[20]. In the second trial in vitro expanded M-MSCs were directly injected into the intestinal
wall and lumen [21]. When M-MSCs were directly injected, they were able to inhibit inflam‐
mation locally and mediate healing of intestinal tissue in these regions.

Scleroderma is an autoimmune connective tissue disorder characterized by accumulation of
collagen in the skin, heart, kidneys or lungs. This buildup of collagen may lead to skin ulcers,
pulmonary fibrosis, heart and kidney failure. Exploratory M-MSC clinical trials involving
patients suffering from Scleroderma have sought to harness the regenerative and immuno‐
modulatory capacity of MSCs to initiate ulcer healing and prevent organ failure while
evaluating the safety of these therapies. In two separate phase one clinical trials a total of 7
adult scleroderma patients were enrolled to determine the effects of M-MSC therapy. In the
first trial allogeneic transplantation of donor M-MSC was performed via intravenous infusion
and was associated with possible pericardial calcification and increased risk of cardiac
impairment. While patients in this trial displayed a slight improvement in MRSS score and
healing of skin ulcers, the effects were on occasion only temporary and the disease regressed
in some patients [22]. The second trial involved autologous transplantation of either M-MSC
or peripheral stem cells in patients via intramuscular injection [23]. This local stem cell therapy
was able to induce healing of skin ulcers in these patients and improved endothelial function
of blood vessels.

Systemic lupus erythematosus (SLE) is a chronic autoimmune disorder that can affect the
kidney, lung, brain, and other organs. Severe SLE may result in kidney failure, stroke, and
inflammation of blood vessels. M-MSC clinical trials in SLE patients have attempted to treat
progression of SLE symptoms by harnessing the immunomodulatory properties of MSCs. In
two clinical trials a total of 19 patients suffering from SLE were treated with M-MSC transplants
to determine if MSC therapy is safe and effective in reversing the symptoms of SLE patients.
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In the first clinical trial SLE patients were treated with allogeneic M-MSC infusion [24].
Treatment with donor M-MSCs was shown to restore kidney function and reverse the
progression of SLE. The second clinical trial involved a larger group of patients and provided
additional evidence that M-MSC therapy could mitigate the symptoms of SLE in patients [25].

Other studies have also attempted to verify the effectiveness of M-MSC therapies for various
diseases. M-MSC therapy has been shown to improve liver function in patients suffering from
liver cirrhosis by encouraging hepatocyte proliferation [26]. The co-transplantation of M-MSCs
and kidney transplants for patients with kidney failure can reduce the risk of acute transplant
rejection and improve transplant function in treated patients [27]. M-MSC therapy can also
catalyze functional recovery and improve survival rates in ischemic stroke patients [28, 29].
These clinical studies provide preliminary evidence that M-MSC therapy is safe and the
regenerative properties of these stem cells can be harnessed to treat a wide variety of diseases.

To develop the ideal next generation stem cell therapy, it is necessary to evaluate currently
available therapies to identify their current limitations and suggest areas for improvement.
Next generation stem cell therapies will have to fulfill the four key milestones (safety, immune
evasion, location specificity, and disease relevancy) of customized stem cell therapy. Human
M-MSC therapy has been extensively studied in multiple experiments and clinical trials and
is an ideal candidate for evaluation against these key milestones.

Firstly the safety of M-MSC therapies must be considered. Multiple clinical trials mentioned
previously involving the infusion and injection of both autologous and allogeneic M-MSCs for
therapeutic purposes stated that patients were generally not exposed to increased risks of
cancer or other serious side-effects. However, a study stated that the infusion of M-MSC may
lead to pericardial calcification and increased risk of cardiac impairment in some patients [22].
As currently completed clinical trials often only involve a relatively small patient population
or are only conducted over a brief period of time, the risks of M-MSC therapies may not be
fully understood and more studies have to be conducted to ensure that the benefits of these
therapies outweigh their potential risks. Another source of concern is the use of in vitro
cultured M-MSCs in therapies. M-MSCs exist naturally in low concentrations in the human
bone marrow, and often have to be concentrated and expanded in vitro media to provide
sufficient numbers of stem cells for therapeutic purposes. This process may expose M-MSCs
to xenogeneic antigens such as in fetal calf serum in the media. Culture of M-MSCs in vitro
also exposes cells to an atmospheric oxygen concentration of 21% that is radically different
from physiological conditions of 1-7% [30]. These in vitro culture conditions may affect the
genetic and epigenetic stability of these stem cells resulting in an increased chance of muta‐
genesis. In an effort to resolve these potential issues, several studies have attempted to identify
the ideal M-MSC culture media. From these studies, it has been proposed that human platelet
lysate can be used as a viable substitute to fetal calf serum to reduce unnecessary exposure to
xenogeneic antigens [31]. M-MSCs should also be cultured in low oxygen concentrations of
approximately 3% to reduce oxidative stress and telomere shortening and increase the
proliferative lifespan and genetic stability of in vitro M-MSCs [32]. The implementation of
these protocols will provide M-MSCs with culture conditions that are more similar to the M-
MSC native environment and minimize the impact of in vitro expansion on the genetic and
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epigenetic stability of M-MSCs. In conclusion, while some doubts about the safety of M-MSC
based therapies remain, various clinical trials and experiments have indicated that the use of
minimally expanded M-MSCs is relatively safe for patients, especially when coupled with the
latest M-MSC expansion protocols.

Secondly the ability of M-MSCs to evade immune detection must be accessed. No incidents of
acute immune rejection were reported in the various clinical trials involving autologous and
allogeneic transplants of M-MSCs. This could possibly be attributed to the fact that autologous
M-MSCs are extracted from the treated patients and present host cellular recognition markers.
Additionally M-MSCs have reduced immunogenicity due to the naturally low expression
levels of surface MHC ІІ proteins and the lack of other T cell stimulatory proteins like CD80
and CD 86 in M-MSCs. The multifaceted immunomodulatory capacity of M-MSCs must also
be considered. Various studies have indicated that M-MSCs are able to inhibit the proliferation
of T lymphocytes possibly via the activation of regulatory T cells and secretion of immuno‐
suppressive factors like transforming growth factor beta1 and hepatocyte growth factor
[33-35]. The inhibition of T lymphocytes that are essential for the recognition and destruction
of foreign transplants contributes to the ability of M-MSCs to evade immune detection. M-
MSCs can also interfere with the development and function of antigen-presenting dendritic
cells. Soluble factors secreted by M-MSCs can inhibit differentiation of monocytes to dendritic
cells and suppress the production of cytokines [36]. M-MSCs can also affect the function of
mature dendritic cells by suppressing the expression of various presentation and co-stimula‐
tory molecules like CD1a, CD80, CD83, and CD86 [37]. This impedes dendritic cells from
inducing T cells and B cells and prevents resistance of foreign transplants from developing.
Finally M-MSCs can also inhibit the proliferation of B cells stimulated with anti-CD40
monoclonal antibody and IL-4 by halting the G0/G1 cell cycle phase [38, 39]. The data from
these studies indicate that M-MSCs are able to efficiently evade the innate immune response
of patients via various mechanisms of cellular recognition and immunosuppression.

Thirdly the location specificity of M-MSCs employed in various therapies should be consid‐
ered. While M-MSC clinical trials discussed previously indicate that M-MSC therapy is able
to alleviate the conditions of various autoimmune diseases and induce cartilage repair,
infusion of M-MSCs resulted in non-specific distribution of these cells within the patient. Non-
specific infusion of M-MSCs resulted in a distribution of these cells in various organs including
the heart muscle, liver, kidney, skin, and lung. This may result in undesirable side-effects such
as pericardial calcification and increased risk of cardiac impairment in patients as described
in a clinical study [22]. Hence further research is required to design a stem cell therapy that is
more specific to the injury location. In the ideal therapy, stem cells could be engineered with
receptors for mobilization to the location of injury. Alternatively, stem cells could be integrated
within a scaffold that would then be implanted into patients to improve the specificity of these
therapies. The direct injection of M-MSCs near sites of injury may also provide increased
specificity to these therapies.

The fourth consideration is stem cells utilized in these therapies should be disease relevant.
Disease relevant stem cells should be epigenetically primed to treat specific underlying causes
of disease in each patient. M-MSCs utilized in these clinical trials are not disease relevant and
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cure or alleviate various disease symptoms through their general immunomodulatory and
regenerative properties. While non-specific M-MSCs may still be a viable therapy for a wide
range of diseases, the lack of specificity in these therapies may result in potentially lethal
consequences. For example, the general immunosuppressive properties of M-MSCs can
increase the severity of breast cancer by increasing the concentration of regulatory T cells and
inhibiting the innate immune response against cancer cells [35, 40]. M-MSCs could also secrete
soluble factors that accelerate tumor growth, such as through the activation of the phosphati‐
dylinositol-3-kinase/Akt signaling pathway which can prevent apoptosis and induce prolif‐
eration of cancer cells [41]. Hence additional studies have to be performed to understand how
stem cells can be epigenetically reprogrammed to enhance their specificity for disease treat‐
ment and reduce undesirable side effects.

In conclusion, it can be seen that while current clinical data demonstrates that M-MSC based
therapies are relatively safe and M-MSC transplants can evade immune detection and survive
in patients, these therapies rely on the general immunosuppressive and regenerative proper‐
ties of M-MSCs and are neither specific nor disease relevant. Hence although the utilization of
M-MSC based therapies may potentially result in cures for various diseases, more research is
necessary for developing the ideal stem cell therapy.

3. Other MSC and adult stem cell therapies

While the bone marrow is the most commonly mentioned source of MSCs, MSCs can also be
extracted from other sources including adipose and synovial tissue, skeletal muscles, periph‐
eral blood, breast milk, and the umbilical cord [1, 2]. In particular, adipose MSCs (A-MSCs)
have been increasingly studied because these cells can be readily purified from adipose tissue
via liposuction and is a relatively non-invasive procedure compared to bone marrow extraction
of M-MSCs [42, 43]. A-MSCs have similar immunomodulatory effects compared to M-MSCs
and can be utilized for treatment of similar diseases such as scleroderma [44, 45]. A-MSCs also
possess a similar capacity to regenerate cartilage and bone tissues and mediate some symptoms
in patients with osteonecrosis and osteoarthritis [46]. Hence the discovery of A-MSCs provides
patients with an alternative source of MSCs in the event that they are unable to undergo M-
MSC extraction.

MSCs are also present in human and animal synovial fluid. These synovial MSCs (S-MSCs)
have a greater ability to proliferate and differentiate compared to other MSCs and can form
osteoblasts, adipocytes, chondrocytes, and neurons [47, 48]. S-MSCs also possess greater
cartilage regenerative potential than other MSCs with 60% of S-MSCs placed on cartilage
defects attaching to the defect within 10 minutes [49]. S-MSCs posses similar regenerative
potential as M-MSCs and can also initiate regeneration of the nucleus pulposus in the damaged
rabbit intervertebral disc by suppressing inflammation and inducing the synthesis of type ІІ
collagen which acts as a supportive framework for nucleus pulposus repair [50]. In addition
S-MSCs can be readily harvested via punch biopsy [9]. The greater innate proliferative ability
of S-MSCs and the relative ease of obtaining S-MSCs indicate that it may be an excellent source
of MSCs for future regenerative therapies
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to alleviate the conditions of various autoimmune diseases and induce cartilage repair,
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in a clinical study [22]. Hence further research is required to design a stem cell therapy that is
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and can be utilized for treatment of similar diseases such as scleroderma [44, 45]. A-MSCs also
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cartilage regenerative potential than other MSCs with 60% of S-MSCs placed on cartilage
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Neural Stem Cells (NSCs) have also been studied in an attempt to harness their regenerative
potential for therapeutic purposes. NSCs can be found in various tissues including the bone
marrow and striatum [51, 52] and their regenerative properties have been assessed by both
NSC transplantation and endogenous NSC functional studies. NSCs can initiate axon remye‐
lination, neuroprotection, proliferation of oligodendrocyte progenitors, and functional
recovery when transplanted into mice experimental autoimmune encephalomyelitis (EAE)
models of multiple sclerosis [53]. NSCs also possess similar immunomodulatory properties as
MSCs. For example, NSCs can inhibit dendritic cell and antigen-specific T cell maturation
through the release of morphogens such as bone morphogenetic protein 4 [54]. Additionally,
NSCs can suppress T-cell proliferation through the release of prostaglandin E2 and nitric oxide
[55]. This innate immunomodulatory property of NSCs has been harnessed to induce stable
pancreatic islet graft function in mice, without the need for long-term immunosuppression
[56]. The immunosuppressive potential of NSC can also be enhanced by engineering NSCs to
produce anti-inflammatory cytokines such as IL-10 [57]. Engineered NSC transplants have
greater therapeutic potential than ordinary NSCs and give rise to enhanced functional recovery
of EAE mice.

Functional studies of endogenous NSCs have revealed the complex regulatory pathways
governing in vivo neuronal regeneration. While neural stem cell niches exist in the subven‐
tricular zone and the subgranular zone of the hippocampal dentate gyrus [58], NSCs in these
niches are unable to initiate spontaneous neural regeneration in many diseases. Hence recent
research has been concerned with elucidating the regulators of neurogenesis and repair. For
example neurogenesis can be initiated by suppressing Olig2 resulting in increased neurogen‐
esis for brain injury repair [59]. Other molecular regulators of neurogenesis include morpho‐
gens like Shh and Wnt, transcription factors like Sox2, growth factors like Fibroblast Growth
Factor family, and cell surface molecules like Notch1 [60]. An improved understanding of the
molecular pathways that regulate the differentiation, mobilization, and proliferation of
endogenous NSCs and the development of molecular tools to manipulate these pathways may
lead to the development of novel minimally invasive regenerative therapies.

Other adult stem cells that have been evaluated for therapeutic use include hematopoietic stem
cells, inner ear stem cells, mammary stem cells, intestinal stem cells, and adult germline stem
cells. Hematopoietic stem cells are multipotent and can form various blood cells such as those
from the lymphoid and myeloid lineages. Allogeneic hematopoietic stem cell transplantation
(HSCT) therapy in leukemia patients can lead to remission by inducing an immune antitumor
response [61]. HSCT has also been utilized to cure other diseases including sickle cell anemia,
acquired aplastic anemia and thalassemia [62, 63]. HSCT can also halt neurological deteriora‐
tion in X-linked adrenoleukodystrophy patients [64]. HSCT is also useful for alleviating
symptoms of Hurler Syndrome and other lysosomal storage diseases and these grafts can
replace metabolic enzymes that are lacking in host cells.

Inner ear stem cells are important progenitors of auditory hair cells and exist endogenously
in both the utricular sensory epithelium and the dorsal epithelium of the cochlear canal [65,
66]. An improved understanding of molecular regulatory pathways in these stem cells could
lead to the development of regenerative therapies for treating hearing impairment. Ongoing
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studies have revealed that the over-expression of SKP2 can induce proliferation of non-sensory
cells that can differentiate to form hair cells through the co-expression of Atoh1 [67]. Develop‐
mental studies have also provided insight into the Notch signaling pathway, and its influence
on the lateral-inhibition mediation differentiation of hair cells [68, 69]. Further studies could
lead to the development of a viable stem cell therapy for regenerating auditory hair cells and
a cure for hearing impairment.

Mammary stem cells are indispensible in the formation of mammary glands and can possess
the capacity to form myoepithelial cells, alveolar epithelial cells, and ductal epithelial cells [70,
71]. The deregulation of various signaling pathways including the Notch, Wnt, and Hedgehog
pathways in mammary stem cells has been implicated in breast cancer development [71, 72].
These studies could lead to the development of anti-cancer drugs that target specific signaling
pathways.

Intestinal stem cells are multipotent progenitors of the intestinal epithelial cell lineages. Studies
of intestinal stem cells have revealed the role of the Notch and Wnt signaling pathways in
intestinal stem cell maintenance, differentiation, and proliferation and how deregulation of
these pathways can promote intestinal carcinogenesis [73, 74]. An impaired differential
capacity of intestinal stem cells has also been linked to inflammatory bowel diseases like
Crohn’s disease and ulcerative colitis [75]. Future studies based on these discoveries could lead
to more effective cures for these diseases.

Adult germline stem cells are essential for gamete generation and can be derived from testis
spermatogonial cells. These stem cells are pluripotent and share characteristics similar to ESCs
[76]. The pluripotent nature of these stem cells may allow the development of regenerative
therapies not possible with other multipotent adult stem cells. Adult germline stem cell
transplantation can also be utilized for fertility restoration in animals [77-79]. This regenerative
ability could be utilized for maintaining the fertility of patients undergoing radiotherapy,
chemotherapy and other therapies that may cause infertility.

A comparison to determine how epigenetic differences inherent to these different classes of
adult stem cells lead to a wide variation in differentiation, homing, proliferation, and immu‐
nomodulation capacities will enable the design of novel stem cell therapies for specific
diseases. The differentiation potentials of adult stem cells can vary widely, for instance
hematopoietic stem cells tend to form cells from the lymphoid and myeloid lineages, while
neural stem cells tend to form neural cells like neurons, oligodendrocytes and astrocytes.
Differences in differential predisposition also exist within a similar class of stem cells. A-MSCs
tend to form adipocytes and cardiomyocytes, while M-MSCs form chondrocytes more readily
[4, 5]. Further studies to map epigenetic differences between these stem cell populations will
reveal how differentiation is regulated. This will lead to an improved ability to prime and select
optimal stem cell transplants for disease therapy. For example, a better understanding of
underlying pro-chondrogenic factors will enable the engineering of stem cells specialized in
cartilage regeneration. Detailed studies of other intra-population epigenetic variations will
also lead to better understanding of how these differences lead to differences in other prop‐
erties of stem cells and augment the safety, effectiveness, and specificity of stem cell therapies.
In conclusion, it can be seen that while the safety of adult stem cell therapies remains a key
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Neural Stem Cells (NSCs) have also been studied in an attempt to harness their regenerative
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concern especially in the less studied stem cells, the innate immunomodulatory and regener‐
ative capacity of adult stem cells can be exploited for curing a wide range of diseases.

4. Induced pluripotent stem cells

The discovery of iPSCs has led to a revolution in stem cell research. The ability to reprogram
adult somatic cells to iPSCs using an increasing array of novel vectors and strategies has
opened up a myriad of possibilities for therapeutic stem cell development. iPSC based
therapies possess several advantages over adult stem cell and ESC based therapies. First, since
iPSCs can be derived from patients like adult stem cells, they will exhibit host cellular
recognition markers and can evade immune rejection more readily than ESCs. Additionally
since iPSC lines can be derived from patients, they do not face the ethical concerns associated
with ESC derivation. The use of iPSCs is also advantageous because iPSCs can be modified to
produce desired cell phenotypes that may not be naturally available in adult stem cell and ESC
populations. Hence iPSCs can be customized for treating specific diseases unlike other stem
cells whose curative properties tend to be more general.

However currently available iPSCs face several limitations that prevent their use in patient
therapies. First the iPSC derivation process commonly involves the use of viral vectors such
as lentiviral and retroviral vectors which results in the integration of viral DNA in iPSCs [80,
81]. Second, many iPSC derivation processes involve the over-expression or integration of
proto-oncogenes such as Oct4, c-Myc, and Sox2 [82-86]. Third, iPSC cultures are genetically
unstable and contain numerous genetic abnormalities including protein coding mutations,
copy number variations, and chromosomal aberrations [87-89]. Fourth, the iPSC reprogram‐
ming process may be incomplete and iPSCs can retain epigenetic memory from parental
somatic cells [90, 91]. Finally, the transformation efficiency of adult somatic cells to iPSCs is
inefficient (0.001% - 4.4%) and only a small fraction of adult somatic cells can be transformed
to iPSCs via existing methods.

These current shortcomings hinder the development of iPSCs suitable for patient therapy.
The  use  of  viral  reprogramming  vectors,  over-expression  of  proto-oncogenes,  and  sub-
optimal  culture  conditions  contribute  to  widespread  genetic  mutation  and  increased
tumorigenic potential in iPSCs. Consequently, iPSCs can readily form tumors in immune
deficient mice and mice derived from iPSCs have a high chance of developing tumors [82,
92]. To overcome these limitations, new methods for iPSC reprogramming were developed
to enhance the genetic integrity of iPSCs. Advances in reprogramming enabled the genera‐
tion of iPSCs without c-Myc and mice without tumors could be derived from these iPSCs
[93]. Additionally, non-integrating viral vectors like adenoviruses were used to prevent the
introduction of foreign viral DNA into iPSCs [94]. More recently iPSCs have been generat‐
ed via transfection of modified mRNA, this DNA free method results in a higher efficiency
of iPSC generation compared to previous methods and does not introduce any exogenous
DNA into reprogrammed cells  [95].  Optimized iPSC culture  and reprogramming condi‐
tions will also be essential for maintaining genetic stability and increasing transformation
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efficiency. High atmospheric oxygen concentration (~21%) exposes stem cells to increased
oxidative stress and DNA damage [32]. Lowering the oxygen concentration to 5% can improve
iPSC generation efficiency and genetic stability of stem cells [96]. The addition of vitamin C
and other antioxidants can also improve the efficiency of iPSC generation by preventing the
accumulation of reactive oxygen species and promoting epigenetic modifications required
for reprogramming to occur [97]. Reprogramming and iPSC culture maintenance also requires
precise manipulation of other medium conditions. iPSC progenitors have to be cultivated in
conditions that facilitate their survival but these original conditions may have to be modi‐
fied to enhance reprogramming efficiency and maintain iPSC populations [98, 99]. The search
for improving the efficiency of iPSC generation has also led to the use of miRNA sequen‐
ces in reprogramming. Viral  aided miR302/367  cell  reprogramming can reprogram fibro‐
blasts to iPSCs with up to 10% efficiency [100].

The reprogramming of adult somatic cells to ideal iPSCs will involve a complex epigenomic
transformation of the cellular epigenome to resemble ESC epigenetics. However iPSCs derived
with current procedures retain unique epigenetic signatures that differ from the ESC epige‐
nome. Some common epigenetic differences include variations in DNA methylation at CpG
islands and histone modifications [101, 102]. The epigenetic memory of iPSCs is an artifact
from the reprogramming process and parental cell epigenetics and can affect the differentiation
predisposition of iPSCs [90]. This iPSC epigenetic signature can also be transmitted to
successive generations of iPSCs and their differentiated progeny [102]. A failure to reset the
epigenetic memory of iPSCs to more closely resemble the epigenetic ground state of ESCs could
affect the function and safety of differentiated cells derived from these iPSC lines.

The issue of residual iPSC epigenetic memory can be partially addressed. For example, somatic
cell nuclear transfer has been proposed as a viable method for resetting epigenetic memory
[91]. Sodium butyrate, a short-chain fatty acid, could also assist in programming iPSCs closer
to the epigenetic ground state by inhibiting histone deacetylase, directing the acetylation of
specific genes, and encouraging stem cell renewal [103, 104]. DNA methyltransferase inhibitors
can also be used to direct DNA methylation at specific sites for more complete epigenetic
reprogramming [105]. The iPSC culture environment can also be manipulated to achieve a
desired epigenetic state. For example, reducing culture oxygen concentration to 2% can induce
epigenetic modifications that increase the expression of the retinal genes Six3 and Lhx2 in iPSCs
while an oxygen concentration of 5% can increase the efficiency of iPSC regeneration [96,
106]. However despite the increased availability of tools for epigenetic modification, more
studies are required to determine the ideal epigenomic ground state for therapeutic stem cells.
Comprehensive epigenetic mapping of ESCs and adult stem cells could provide important
clues and enable the development of improved experimental procedures for reprogramming
adult somatic cells to mirror this ideal epigenomic ground state.

When evaluated against the four key milestones, iPSCs are clearly inferior to M-MSCs and
other adult stem cells currently being evaluated in experimental therapies. First, iPSCs are
neither genetically nor epigenetically stable, this inherent property of iPSCs, along with the
integration of proto-oncogenes as a byproduct of some iPSC reprogramming procedures
results in increased propensity for tumorigenesis in vivo. Hence the safety of iPSC based
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therapies remains a key concern and must be resolved before they can be tested in clinical
therapies. Second, while iPSCs can be derived from patients and should be able to evade patient
immune response, abnormal expression of genes in iPSCs and their differentiated progeny has
been shown to induce immune responses in recipients [107]. A possible consequence of the
genetic and epigenetic instability, the inability of iPSCs to evade the innate immune response
of patients could lead to the rejection of iPSC grafts. Similarly, genomic and epigenetic
instability of iPSCs will frustrate efforts for developing iPSCs with specific function and
homing abilities. Hence more research is required before iPSCs suitable for use in patient
therapies will be available.

While current limitations of iPSC technology forestalls their direct use in patient therapy, the
versatility of iPSCs and their ease of derivation from patients has enabled their use in disease
modeling and in vitro drug screening. iPSCs can be derived from patients affected by various
diseases including LEOPARD syndrome, Schizophrenia, and X-linked adrenoleukodystrophy
and used in drug and functional tests [108, 109]. This has enabled the molecular pathways and
genetic mutations that cause these diseases to be studied in greater detail and led to the
development of new therapies for patients. Hence the discovery of iPSCs continues to
contribute to an improved knowledge of the underlying molecular mechanisms of various
diseases and catalyze the development of novel drugs for their treatment.

5. Embryonic stem cells

The first breakthrough technique for isolating and growing human ESCs in vitro was devel‐
oped at the University of Wisconsin-Madison in 1998 [110]. Since then, interest in developing
more efficient methods for deriving ESCs and research into potential therapies involving ESCs
has increased exponentially. ESC based therapies possess several natural advantages over
other stem cell therapies. Since ESCs are directly derived from the developing embryo, they
possess greater innate pluripotent capacity compared to most adult stem cells and could
potentially be used in a wider range of therapies. Additionally, while the pluripotent potential
and number of autogenic adult stem cells available may decline as patients age, ESC based
therapies do not share the same limitation and a potentially limitless source of stem cells can
be derived and cultured from blastocysts. Finally ESCs occur naturally in the inner cell mass
of blastocysts and can be easily derived with minimal genetic or epigenetic manipulation
unlike iPSCs.

The effectiveness and safety of ESCs therapies for treating various medical conditions includ‐
ing spinal cord injury, Stargardt's disease, and macular degeneration have been tested in
animal and human clinical trials [111-115]. These studies demonstrate that it is relatively easy
to obtain high quality and pathogen free human ESC cells, stimulate hESCs to form pure
populations of differentiated cells for transplantation, and obtain sufficient quantities of cells
for transplantation. Some studies of human ESC based transplants have also demonstrated
that ESC is potentially safe and can be conducted with minimal risk of teratoma formation and
graft rejection. The results of these animal and human ESC based clinical trials also indicate
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that human ESC transplantation can rescue animal models of retinal degeneration, Stargardt,
and spinal cord injury, and catalyze limited visual improvement in human macular degener‐
ation patients.

Despite these apparent advantages of human ESCs, its use in research and medical therapy
has been fairly controversial historically as the derivation of human ESC lines requires the
destruction of human embryos. Pro-life advocates have strongly opposed the destruction of
embryos for research on the basis that human life begins when a human egg cell is fertilized,
and the belief that human life is inviolable. More recently, these objections have been partially
overcome through the development of human ESC derivation procedures that do not require
embryo destruction [116] and the use of surplus frozen embryos from in vitro fertilization
clinics.

When evaluated against the four key milestones, it can be determined that while ESCs are
potentially safer than iPSCs, several key concerns continue to forestall their wider use in
human clinical trials. First while some studies of human ESC based transplants in animals and
humans have suggested that there is minimal risk of teratoma formation or uncontrolled
proliferation of transplanted cells, other studies contend that in vitro culture conditions can
result in potentially hazardous epigenetic modifications [117]. Second since ESC transplants
are allogeneic, there is a higher likelihood of immune rejection compared to autographs of
adult stem cells. Third ESC transplants potentially share similar location specificity limitations
as adult stem cell transplants. This limitation has to be addressed for the development of a
viable next generation stem cell therapy. Fourth since ESCs have a higher innate pluripotent
capacity than adult stem cells and iPSCs, it may be easier to obtain pure populations of
functionally specific and disease relevant transplant cells from ESC lines. In conclusion, while
more clinical trials will be required to assess the viability of ESC therapy, studies have indicated
that ESC therapy seems to offer a promising alternative for treating currently incurable
diseases.

6. The promise of transdifferentiation therapy

Transdifferentiation is the direct conversion of one cell type to another without the involve‐
ment of an intermediate pluripotent state. Transdifferentiation could be a viable alternative
therapy to stem cell therapies and relatively abundant adult somatic cells like fibroblasts and
adipocytes could be harvested from patients and directly converted by transdifferentiation to
neurons or cardiomyocytes before being used as autologous grafts in regenerative therapies.
Transdifferentiation is advantageous compared to adult stem cell therapy because cell grafts
could be designed specifically for each disease therapy resulting in improved functional and
positional specificity. Transdifferentiation is also advantageous compared to iPSC based
therapy because conversion to a desired cell type is a one step process requiring lesser
epigenetic modification, and is a more rapid and direct process than dedifferentiation to form
iPSCs followed by controlled differentiation into the desired cell type.
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Transdifferentiation can be a relatively spontaneous process such as the in vitro transdiffer‐
entiation of chick retinal cells to lens cells [118]. It can also be induced via the guided expression
of various molecular factors and genes. For example overexpression of Atoh1 can induce the
transdifferentiation of non-sensory supporting cells in the cochlea to auditory hair cells [67].
The expression of the microRNAs miR-9/9* and miR-124 can also induce the transdifferentia‐
tion of human fibroblasts to functional neurons [119]. However despite initial successes,
currently available methods for inducing transdifferentiation remain too inefficient in vivo
therapeutic purposes and further research is required to improve the process before it can be
considered as a viable therapeutic alternative.

7. Summary

The use of stem cells for therapeutic purposes will be increasingly widespread as improved
knowledge leads to the development of safer and more effective therapies. Stem cells derived
from patients have also been successfully used in disease modeling and therapy evaluation.
Further studies will enable the innate regenerative and immunomodulatory properties of stem
cells to be harnessed more effectively for treating a larger variety of diseases and injury. The
study and use of adult stem cells will continue to play a pivotal role in the ongoing search for
novel therapies due to their availability and safety, while further developments in iPSC and
ESC derivation and cultivation processes will be required before they can be used in therapies.
An improved understanding of genetic and epigenetic control continues to be a prerequisite
for the development of an ideal stem cell therapy. Finally further improvements in inducing
direct transdifferentiation of adult non-stem cells to the desired cell types may be an alternative
regenerative therapy that may circumvent the use of stem cells entirely.
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Transdifferentiation can be a relatively spontaneous process such as the in vitro transdiffer‐
entiation of chick retinal cells to lens cells [118]. It can also be induced via the guided expression
of various molecular factors and genes. For example overexpression of Atoh1 can induce the
transdifferentiation of non-sensory supporting cells in the cochlea to auditory hair cells [67].
The expression of the microRNAs miR-9/9* and miR-124 can also induce the transdifferentia‐
tion of human fibroblasts to functional neurons [119]. However despite initial successes,
currently available methods for inducing transdifferentiation remain too inefficient in vivo
therapeutic purposes and further research is required to improve the process before it can be
considered as a viable therapeutic alternative.

7. Summary

The use of stem cells for therapeutic purposes will be increasingly widespread as improved
knowledge leads to the development of safer and more effective therapies. Stem cells derived
from patients have also been successfully used in disease modeling and therapy evaluation.
Further studies will enable the innate regenerative and immunomodulatory properties of stem
cells to be harnessed more effectively for treating a larger variety of diseases and injury. The
study and use of adult stem cells will continue to play a pivotal role in the ongoing search for
novel therapies due to their availability and safety, while further developments in iPSC and
ESC derivation and cultivation processes will be required before they can be used in therapies.
An improved understanding of genetic and epigenetic control continues to be a prerequisite
for the development of an ideal stem cell therapy. Finally further improvements in inducing
direct transdifferentiation of adult non-stem cells to the desired cell types may be an alternative
regenerative therapy that may circumvent the use of stem cells entirely.
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1. Introduction

The term stem cell includes a large class of cells defined by their ability to give rise to vari‐
ous mature progeny while maintaining the capacity to self-renew. Embryonic stem cells
(ESCs) were first isolated from the inner mass of late blastocysts in mice by Sir Martin J.
Evans and Matthew Kaufman (Evans & Kaufman, 1981) and independently by Gail R. Mar‐
tin (Martin, 1981). Later, it became possible to obtain ESCs from non-human primates and
humans. In 1998, James Thomson and his team reported the first successful derivation of hu‐
man ESC lines (Thomson et al., 1998), thus extending the great potential of ESCs by provid‐
ing the opportunity to develop stem cell-based therapies for human disease.

Embryonic stem cells are pluripotent, a term that defines the ability of a cell to differentiate
into cells of all three germ layers. There are different types of mammalian pluripotent stem
cells: embryonic stem cells derived from pre-implantation embryos (Evans & Kaufman,
1981), embryonic carcinoma (EC) cells, the stem cells of testicular tumors (Stevens, 1966;
Evans, 1972), epiblast stem cells (EpiSCs) derived from the late epiblast layer of post-implan‐
tation embryos (Brons et al., 2007), and embryonic germ (EG) cells derived from primordial
germ cells (PGCs) of the post-implantation embryo (Matsui et al., 1992; Stewart et al., 1994).

Besides isolating pluripotent cells from different embryonic tissues, various experimental
methods are available nowadays for inducing pluripotency in vitro. These methods include
cloning by somatic cell nuclear transfer (SCNT), cellular fusion with embryonic stem cells,
the induction of parthenogenesis, and direct reprogramming by addition of reprogramming
transcription factors. SCNT is done by replacing the oocyte genome at metaphase II of meio‐
sis with a somatic cell nucleus. Although somatic cell reprogramming has been achieved in
several mammalian species (Wilmut et al., 1997), this seems to be very difficult to achieve in
humans. Only in 2011 Noggle et al. (Noggle et al., 2011) succeeded to generate human pluri‐
potent cells by using SCNT. However, their study revealed that the classical SCNT consis‐
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tently leads to developmental arrest. The activated human oocytes develop to the blastocyst
stage only when the somatic cell genome is merely added and the oocyte genome is not re‐
moved. Human stem cells derived from these blastocysts contain both a haploid genome de‐
rived from the oocyte and a diploid somatic cell genome reprogrammed to a pluripotent
state (Noggle et al., 2011). However, the SCNT raises some ethical concerns regarding the
use of human eggs. It has also been reported that somatic cells could be reprogrammed by
fusion with ES cells (Do et al., 2006). These cells offer a good alternative to SCNT, especially
for studying the mechanisms of reprogramming, but are thought to be less interesting for
therapies due to the presence of the nuclei of stem cells in the hybrids and their instability.
Human ESC lines derived from parthenogenetic blastocysts obtained by artificial activation
of an oocyte have been obtained (Turovets et al., 2011). Their immune-matching advantage,
combined with the advantage of derivation from nonviable human embryos makes these
cells a good source for cell-based transplantation therapy. However, one of the most exciting
reports in reprogramming was the generation of iPSCs from terminally differentiated so‐
matic cells by transduction of four transcription factors (OCT4, SOX2, KLF4 and c-MYC) into
fibroblasts (Takahashi & Yamanaka, 2006).

By using various biological reagents (e.g. growth factors) (Schuldiner et al., 2000), ESCs can
be differentiated in the laboratory into a range of different cell types, including neurons,
glia, cardiomyocytes, islet beta cells, hepatocytes, hematopoietic progenitors and retinal pig‐
ment epithelium. The ESC ability to give rise to many different cell types is the reason that
makes them very good candidates for cellular therapies. Many of the diseases that place the
greatest burden on society are, at their root, diseases of cellular deficiency. Diabetes, stroke,
heart diseases, hematological and neurodegenerative disorders, blindness, spinal cord in‐
jury, osteoarthritis, and kidney failure all result from the absence of one or more populations
of cells that the body is unable to replace. Three basic methods have been developed to pro‐
mote differentiation of ESCs: (1) the formation of three-dimensional aggregates known as
embryoid bodies (EBs) (Itskovitz-Eldor et al., 2000), (2) the culture of ESCs as monolayers on
extracellular matrix proteins, and (3) the culture of ESCs directly on supportive stromal lay‐
ers (Kawasaki et al., 2000; Murry & Keller, 2008). However, the controlled differentiation of
ESCs is rather difficult to optimize due to the use of serum in the culture media and difficul‐
ty to select differentiated cells. In this chapter I will focus on the differentiation of ESCs into
the ectodermal lineage and on the two in 2012 ongoing clinical trials involving transplanta‐
tion of ESCs derivates into eye and spinal cord.

2. Treatment of eye diseases

Retinal degenerative diseases that target photoreceptors or the adjacent retinal pigment epi‐
thelium (RPE) affect millions of people worldwide. Age-related macular degeneration
(AMD) is a late-onset, complex disorder of the eye with a multi-factorial etiology in elderly
(Katta et al., 2009). Being the third leading cause of blindness worldwide, it accounts for
8.7% of blind persons globally. AMD results in progressive and irreversible loss of central
vision affecting the macula of the eye and involves the RPE, Bruch’s membrane (BM) and
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choriocapillaries (Katta et al., 2009). Other retinal diseases with limited conventional treat‐
ments include Stargardt's macular dystrophy (SMD) and retinitis pigmentosa (RP). SMD is
the most common early-onset macular degeneration disease, usually manifesting in people
between ages 10 to 20. Initially there is an abnormal deposit of lipofuscin (yellow–brown
granules of pigment that manifest with age) in the RPE. The RPE eventually degrades,
which leads to photoreceptor loss, causing a decrease in central vision (Rowland et al., 2012).
In attempts to develop cell-based therapies for blinding diseases, two different approaches
have to be distinguished. The first is a more direct approach of implanting appropriate reti‐
nal or RPE precursor cells, with the hope that they may integrate autonomously into the re‐
maining (and diseased) target tissue. The second strategy counts on a lesser degree of cell
autonomy within the diseased environment. Therefore, in this case, the bioengineer will first
reconstruct a piece of retina or RPE tissue in vitro, which then can be implanted into the le‐
sioned or diseased location (Layer et al., 2010). This approach is called tissue engineering.

Restoration of vision has focused up to now on transplantation of neural progenitor cells
(NPCs) and retinal pigmented epithelium (RPE) to the retina. The retinal pigment epitheli‐
um (RPE) is a monolayer of pigmented cells forming a part of the blood/retina barrier and
plays crucial roles in the maintenance and function of the retina and its photoreceptors
(Strauss, 2005). The apical membrane of the RPE is associated with the rod and cone photo‐
receptors of the retina. The basal side of the RPE faces Bruch’s membrane, thereby separat‐
ing the NR from the blood. The RPE absorbs light energy to increase visual sensitivity and
protect against photooxidation, transports nutrients and ions between the photoreceptors at
its apical surface and the choriocapillaries at its basal surface, phagocytoses photoreceptor
outer segments, according to a daily circadian cycle, to relieve the photoreceptors of light-
induced free radicals. The RPE secretes a variety of growth factors, such as the neuroprotec‐
tive-antiangiogenic pigment epithelium-derived factor (PEDF) which is released to the
neural retina, and the vasoprotective-angiogenic vascular endothelial growth factor (VEGF)
that is secreted to the choroid (Layer et al., 2010). With these diverse functions of the RPE it
is not surprising that dysfunction and loss of RPE leads to degeneration of photoreceptors
several diseases such as age-related macular degeneration (AMD), retinitis pigmentosa and
Stargardt´s disease.

2.1. Preclinical work

Cell transplantation is a novel therapeutic strategy to restore visual responses. Human em‐
bryonic stem cells (hESCs) may serve as an unlimited source of RPE cells and photorecep‐
tors for transplantation in different blinding conditions.

hESC studies have focused on the derivation of subsets of retinal cell populations (Meyer et
al., 2009), with emphasis on the production of either retinal progenitors (Banin et al., 2006;
Lamba et al., 2006), or more mature cells such as retinal pigment epithelium (RPE) (Kliman‐
skaya et al., 2004) or photoreceptors (Osakada et al., 2008).

Several groups have demonstrated that differentiating hESCs mimic the stepwise develop‐
ment of retinal cells in vivo (Meyer et al., 2009). Furthermore, hESCs appear to respond to
secreted morphogens in a manner predicted by studies of vertebrate neural induction and
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choriocapillaries (Katta et al., 2009). Other retinal diseases with limited conventional treat‐
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ing the NR from the blood. The RPE absorbs light energy to increase visual sensitivity and
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2.1. Preclinical work
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bryonic stem cells (hESCs) may serve as an unlimited source of RPE cells and photorecep‐
tors for transplantation in different blinding conditions.
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skaya et al., 2004) or photoreceptors (Osakada et al., 2008).

Several groups have demonstrated that differentiating hESCs mimic the stepwise develop‐
ment of retinal cells in vivo (Meyer et al., 2009). Furthermore, hESCs appear to respond to
secreted morphogens in a manner predicted by studies of vertebrate neural induction and
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retinogenesis. In particular, blockade of bone morphogenetic protein and canonical Wnt sig‐
naling is known to be important for neural and retinal patterning, and many retinal differ‐
entiation protocols call for antagonists of one or both of these pathways to be included in the
culture medium (Gamm & Meyer, 2010). Furthermore, the differentiation toward neural and
further toward RPE fate is augmented by nicotinamide and Activin A (Idelson et al., 2009).
Several hESC lines actually generate neuroectodermal progenitors by spontaneous differen‐
tiation, without the addition of specific factors. RPE cells for example, were being isolated
from several spontaneously differentiating human ES cell lines (Klimanskaya et al., 2004). In
their hands (Klimanskaya et al., 2004), RPE-like differentiation occurred independently of
the presence of serum. RPE cells reliably appeared in cultures grown in the presence or ab‐
sence of FBS without significant variations in RPE number or time of appearance. The inde‐
pendence of this differentiation pathway on either coculture or extracellular matrix suggests
the involvement of other differentiation cues, such as potential autocrine factors produced
by differentiating hES cells. The hES-derived RPE-like cells expressed the same makers as
RPE cells, e.g. RPE65 protein and CRALBP (Alge et al., 2003; Klimanskaya et al., 2004).

So far, it has been shown that transplanted postmitotic photoreceptor precursors are able to
functionally integrate into the adult mouse neural retina. However, photoreceptors are neu‐
rons and they need to form synaptic connections in order to be functional. This makes the
cell therapy with photoreceptors more challenging when compared to RPE cells. Interesting‐
ly, a group from Japan (Eiraku et al., 2011) could obtain formation of a fully stratified neural
retina from by using a three dimensional ESCs culture system. The 3D organoids would
open up new avenues for the transplantation of artificial retinal tissue sheets, rather than
simple cell grafting.

2.2. Clinical trial

Until shortly, the most relevant clinical studies currently being conducted in patients with reti‐
nal degeneration were fetal retinal sheet transplants (Radtke et al., 2008). This strategy has its
basis on the fact that immature retinal sheet extends cell processes and forms synaptic connec‐
tions with the degenerate host retina. The underlying principle is that the inner retinal neurons
of the host remain intact and therefore only require synaptic connections with photoreceptors
for visual function to be restored. One big problem for the application of photoreceptor cell
transplantation is that an appropriate source of the precursor cells is required.

Advanced Cell Technology and Jules Stein Eye Institute at UCLA started two prospective
clinical studies to establish the safety and tolerability of subretinal transplantation of human
ESC-derived retinal pigment epithelium (RPE) in patients with Stargardt’s macular dystro‐
phy (clinical trial identifier-NCT01469832) and dry age-related macular degeneration (clini‐
cal trial identifier-NCT01344993) — the leading cause of blindness in the developed world
(Schwartz et al., 2012). The studies are in phase I/II, where only the safety and tolerability of
human ESC-derived RPE cells is assessed. The team of researchers from ACT and UCLA re‐
ported their preliminary work in two patients, one with AMD, the other with Stargardt’s
macular dystrophy, being the first to publish data on the use of human ESC-derived cells in
the clinic (Schwartz et al., 2012).
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One of the rationales behind using the eye for cell therapy is that the eye represents an immuno‐
privileged site. The failure of the immune system to elicit an immune response in this and other
such sites constitutes the hallmark of the immune privilege status (Hori et al., 2010). The re‐
markably successful field of corneal transplantation in clinical practice is undoubtedly associ‐
ated with corneal immune privilege. The subretinal space is protected by a blood–ocular
barrier and the ocular fluids contain a potpourri of immunosuppressive and immunoregulato‐
ry factors that suppress T-cell proliferation and secretion of proinflammatory cytokines and in‐
hibiting of both the cellular and humoral immune responses (Niederkorn, 2002).

Figure 1. Scheme of procedure for replacing damaged retinal pigment epithelium cells.
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Two patients  enrolled  in  the  clinical  trial  in  order  to  test  the  safety  of  such  cell  trans‐
plantations.  50  000  viable  RPE  cells  differentiated  from  the  hESC  line  MA09  (Kliman‐
skaya et al., 2006) by embryoid body formation were injected into the subretinal space of
each  patient’s  eye  (see  Fig.  1  for  schematic  overview).  The  cells  were  resuspended  in
phosphate buffered saline (PBS) and delivered in a region of pericentral macula that was
not completely lost to the disease. The authors thought that engraftment of the cells into
a  completely  atrophic  macula  was  unlikely  due  to  the  loss  of  Bruch’s  membrane.  The
primary outcome was positive: none of the concerns related to stem cell transplantations
as  teratomas,  rejection,  or  inflammation  were  observed.  The  transplanted  cells  attached
to Bruch’s membrane and persisted for the duration of the observation period. This was
however possible only in one of  the two patients.  Moreover,  clear functional  visual  im‐
provement was noted in the patient with Stargardt’s macular dystrophy.

This is the first peer reviewed study that uses human ESCs for cell therapy. Although their
report is preliminary, in only two patients, and with a short-term follow-up, the results are
impressive - especially considering the progressive nature of both diseases (Atala, 2012).

3. Treatment of spinal cord injury

More  than  a  decade  ago,  spinal-cord  injury  meant  confinement  to  a  wheelchair  and  a
lifetime of medical care. Published incidence rates for traumatic spinal-cord injury in the
USA range between 28 and 55 per million people, with about 10 000 new cases reported
every year. Causes include motor vehicle accidents (36–48%), violence (5–29%), falls (17–
21%), and recreational activities (7–16%) (McDonald & Sadowsky, 2002). The primary in‐
jury (the initial insult) is usually due to the mechanical trauma and includes traction and
compression  forces.  Neural  elements  are  compressed  by  fractured  and  displaced  bone
fragments, disc material, and ligaments and leads to injuries on both the central and pe‐
ripheral  nervous  systems.  Blood  vessels  are  damaged,  axons  disrupted  and  cell  mem‐
branes broken. Micro-haemorrhages occur within minutes in the central grey matter and
spread out over the next few hours. Within minutes, the spinal cord swells to occupy the
entire diameter of the spinal canal at the injury level.  Secondary ischaemia results when
cord swelling exceeds venous blood pressure.  The more destructive phase of  secondary
injury is,  however,  more responsible  for  cell  death and functional  deficits.  Hemorrhage,
edema, ischaemia, release of toxic chemicals from disrupted neural membranes, and elec‐
trolyte shifts trigger a secondary injury cascade that substantially compounds initial me‐
chanical  damage  by  harming  or  killing  neighbouring  cells  (McDonald  &  Sadowsky,
2002). Glutamate plays a key part in a highly disruptive process known as excitotoxicity.
It  was  demonstrated  that  glutamate,  released  during  injury,  damages  oligodendocytes
(Domercq et al., 2005). Oligodendrocytes express glutamate receptors as NMDA (Karadot‐
tir  et  al.,  2005)  and AMPA/kainate receptors (Domercq et  al.,  1999).  Up to now, the pri‐
mary  approach  in  treatment  is  limitation  of  secondary  injury  by  removal  of  damaging
bone, disc, and ligament fragments to decompress the swollen cord, followed by the ad‐
ministration of the steroid methyl-prednisolone (Bracken et al., 1990).
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There are many repair strategies in spinal cord injury, as prevention of cell death by anti-
glutamatergic drugs, promotion of axonal regeneration, compensation of the lost myelina‐
tion or cell replacement therapy (McDonald et al., 2002; McDonald & Sadowsky, 2002).
Different sources and types of cells, including stem/progenitor cells (embryonic stem cells,
neural progenitor cells, bone marrow mesenchymal cells) and non-stem cells (olfactory en‐
sheathing cells [OECs] and Schwann cells) have been, and/or are being tested in clinical tri‐
als for spinal cord injury (Fehlings & Vawda, 2011).

3.1. Differentiation to oligodendrocytes

As mentioned before in the case of spinal cord injury, diseases of the nervous system in‐
volve  proliferation of  astrocytes  and loss  of  oligodendrocytes  (OLN) and the  protective
myelin  sheath  they  produce.  Transplantation  of  oligodendrocyte  precursors  in  different
animals  systems  show  that  these  precursors  can  myelinate  axons  (Groves  et  al.,  1993).
Thus,  derivation of  oligodendrocytes from ESCs has been an important  goal  for  cell  re‐
placement therapy. The most common protocols involve an initial  differentiation step to
neural progenitors (Reubinoff et al.,  2001), followed by expansion, further differentiation,
and selection. These protocols follow the differentiation steps that take place in vivo. Dur‐
ing development, oligodendrocytes differentiate from precursors, which migrate and pro‐
liferate,  through immature oligodendrocytes,  which send out processes seeking axons to
myelinate, to mature myelinating oligodendrocytes that form myelin sheaths. The precur‐
sor cells are morphologically bipolar (when migrating) or stellate (after migration). These
initially  differentiate  into immature cells  that  put  out  processes seeking axons to myeli‐
nate,  and eventually form mature cells with parallel  processes myelinating up to 30 dif‐
ferent axons (Karadottir & Attwell, 2007).

Oligodendrocytes were first efficiently derived from mouse ESCs (Brustle et al., 1999), where
ESCs were aggregated to embryoid bodies and plated in a defined medium that favors the
survival of ES cell–derived neural precursors, followed by the expansion of progenitors in
culture medium containing FGF2 and EGF, and a switch to FGF2 and PDGF to yield bipo‐
tential glial progenitors (Brustle et al., 1999). These glial progenitors were transplanted into
the spinal cords of rats with a genetic deficiency in myelin production, yielding myelinated
fibers in the majority of animals (Learish et al., 1999). Human ESCs were first shown to dif‐
ferentiate into oligodendrocytes by Zhang et al., 2001, who used a similar strategy involving
FGF treatment followed by growth as neurospheres (Zhang et al., 2001). They reported the
differentiation of neural precursors into neurons, astrocytes and oligodendrocytes. Howev‐
er, no human oligodendrocytes were detected after transplantation of neural precursors into
the brains of newborn mice, although human neurons and some astrocytes were found to
have engrafted (Zhang et al., 2001).

The first detailed protocol for directed differentiation of oligodendrocytes from human ESCs
was published in 2005 and involved the induction of neural lineage by retinoic acid treat‐
ment, followed by expansion and selection in various media containing the differentiation
factors triiodothyroidin hormone, FGF2, EGF, and insulin (Nistor et al., 2005). After 42 days
of culture, the desired cells were found in yellow spheroids, which upon differentiation as
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low-density monolayers formed 85%–95% oligodendrocytes expressing typical markers as
GalC, RIP, and O4. Human embryonic stem cell (hESC)-derived oligodendrocytes were able
to integrate, differentiate and display a functional myelinating phenotype following trans‐
plantation into the shiverer mutant mouse (Nistor et al., 2005). Recently, other protocols
were developed for generation of oligodendrocytes from ESCs. The Neman and de Vellis
(Neman & de Vellis, 2012) laboratory has reported usage of defined serum-free media to‐
gether with morphogens, as retinoic acid and sonic hedgehog, to devise a new method to
derive a pure population of OLN from ESCs. These experiments show that human oligoden‐
drocytes can be generated in large numbers and used to restore myelination under some cir‐
cumstances in mice.

3.2. Clinical trial

In October 2010 the world's  first  clinical  trial  using human embryonic stem cells  began,
using  ESCs  converted  into  OLN  precursor  cells.  The  feasibility  of  the  treatment  was
proofed by a  wide  range of  pre-clinical  studies  that  have  shown that  human oligoden‐
drocyte progenitor cells  implanted after spinal cord injury in rodent models show func‐
tional  improvement  (Keirstead,  2005;  Keirstead et  al.,  2005;  Sharp et  al.,  2010).  Geron of
Menlo Park,  California,  is  the  biotech company that  received FDA approval  to  proceed
with clinical trials that transplant cells derived from embryonic stem cells into the spinal
cord (Alper,  2009).  This  company has  pioneered translational  research into  human ESC
therapies. The Geron trial (trial identification number NCT01217008), which was original‐
ly  approved by the  FDA,  but  then halted  due  to  concerns  of  abnormal  cyst  formation,
was reinitiated and approved for phase I  clinical  trials  in the U.S.  in October 2010.  The
trial  was  suspended following  news  that  animals  in  a  dose-escalation  study  developed
microscopic cysts in regenerating tissue sites. In november 2011 Geron announced that it
is  dropping its entire program owing to financial concerns and started looking for part‐
ners  for  stem cell  treatments  and decided to  not  further  invest  in  the  clinical  trials  in‐
volving treatments with ESCs.

The trial was planned to involve treating ten patients who have suffered a complete thora‐
cic-level spinal cord injury in a phase 1 multicenter trial. The pioneering therapy is Geron's
'GRNOPC1 product', which contains hES cell–derived oligodendrocyte progenitor cells that
have demonstrated remyelinating and nerve growth–stimulating properties. In the human
SCI lesion site, it is hoped that OLN precursors will work as a "combination therapy" - phe‐
notypically replacing lost oligodendrocytes and hence remyelinating axons that have be‐
come demyelinated during injury, as well as secreting neurotrophic factors to establish a
repair environment in the lesion (Hatch et al., 2009). The ESCs were differentiated into OLN
precursors (Hatch et al., 2009) and one injection of 2 million GRNOPC1 cells was adminis‐
tered within 2 weeks in patients with thoracic spinal cord injury (Fig. 2). No serious adverse
effects were observed in the 2 patients enrolled, only one of the patients experienced some
side effects due to the immunosupression (Watson & Yeung, 2011). However, the data gen‐
erated by Geron for the FDA are not published and no preliminary report on the safety of
their product is available up to now.
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Figure 2. Scheme of procedure for treating spinal cord injury with human ESCs derived oligodendrocyte precursor cells.

4. Embryonic stem cells and tumorigenesis

The major safety concerns for the use of hESCs are related to the achievement of xenobi‐
otic-free culture conditions, avoidance of genetic abnormalities, development of good dif‐
ferentiation  and  selection  protocols,  and  the  avoidance  of  the  immune  rejection.
Moreover, the unlimited proliferative capacity of ESCs is a disadvantage in clinical appli‐
cations because this could cause tumor formation upon transplantation. When implanted
in an undifferentiated state, ESCs cause teratoma, a tumor type that consists of different
kinds of differentiated cells. Teratomas are encapsulated, usually benign tumors that can
occur naturally,  but  there  is  the fear,  based on some animal  studies,  that  some propor‐
tion of the cells derived from ESCs injected into the body could drift from their intended
developmental pathway. Teratoma formation was reported in various cases when mouse
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low-density monolayers formed 85%–95% oligodendrocytes expressing typical markers as
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Figure 2. Scheme of procedure for treating spinal cord injury with human ESCs derived oligodendrocyte precursor cells.
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ESCs-derived cells like insulin producing islets (Fujikawa et al., 2005), ESC-derived cardi‐
omyocytes  (Cao  et  al.,  2006),  and  ESC-derived  neurons  (Schuldiner  et  al.,  2001)  were
transplanted into immunosuppressed mice even though there was successful engraftment
and functional improvement.  When undifferentiated human ESCs were injected into the
hind  limb  muscles  or  under  the  kidney  capsule  of  SCID  mice,  teratomas  were  readily
formed  after  8–12  weeks  (Richards  et  al.,  2002).  Evidence  of  tumor  formation  has  also
been observed in  differentiated hESC derivatives  transplanted in  vivo  (Roy et  al.,  2006).
In  another  study,  successful  hESC-derived  neuronal  engraftment  in  a  Parkinsonian  rat
model did not yield teratomas after 12 weeks (Ben-Hur et al.,  2004). When hESC-derived
osteocytes  or  cardiomyocytes  were  transplanted  into  the  bone  or  heart  of  severe  com‐
bined  immunodeficient  mice  (SCID),  there  was  also  no  teratoma  production  within  1
month after injection (Bielby et  al.,  2004;  Laflamme et  al.,  2007).  It  seems that the longer
hESCs are  differentiated in  vitro,  the  risk  of  teratoma formation appears  to  be  reduced.
Certain sites appear to favor the growth of teratomas, while others do not, confirming a
phenomenon already described that tumorigenesis of  ESCs is  site dependent.  For exam‐
ple the rate of teratoma formation with hESCs in immunodeficient mice was subcutane‐
ously  25–100%,  intratesticularly  60%,  intramuscularly  12.5%  and  under  the  kidney
capsule  100%  (Prokhorova  et  al.,  2009).  Furthermore,  tumor  formation  in  the  lung  and
thymus had the highest probability of teratoma formation while the pancreas was parti‐
ally  site-privileged  (Shih  et  al.,  2007).  Shih  et  al.  observed  an  aggressive  growth  of  tu‐
mors when human ESCs were injected into engrafted human fetal  tissues in SCID mice
(Shih et al., 2007).

The simplest way to slow or even eliminate the tumorigenicity of normal stem cells prior to
transplantation may be to take advantage of pluripotency by partially differentiating them
into progenitors. Therefore, a promising proposed method for making stem cell-based re‐
generative medicine therapies safer may seem paradoxical: to not transplant stem cells at all
into patients. The idea is to use the stem cells to produce progenitor or precursor cells of the
desired lineage and then transplant progenitors purified by sorting (Knoepfler, 2009). This
approach was presented in this chapter and is actually used in the clinical trial with oligo‐
dendrocyte progenitor cells. However, not only the embryonic stem cells, but also the im‐
planted precursor cells seem to form teratoma in some cases. A group of Israeli researchers
reported that a boy with ataxia telangiectasia who had received several fetal neural stem cell
transplants developed teratomas in his brain and spinal cord four years after treatment
(Amariglio et al., 2009). For this reason is very important to achieve a 100% pure population
of differentiated cells when using ESCs for cell therapy.

Currently, the only way to ensure that teratomas do not form is to differentiate the ESCs
in advance, enrich for the desired cell type, and screen for the presence of undifferentiat‐
ed cells. The elimination of undifferentiated hESCs may best be achieved by (1) destroy‐
ing  the  remaining  undifferentiated  hESCs  in  the  differentiated  tissue  population  with
specific agents or antibodies, (2) separating or removing the undifferentiated hESCs from
the differentiated cell  population, (3) eliminating pluripotent cells during the differentia‐
tion  process,  and (4)  inducing  further  differentiation  of  left-over  rogue  undifferentiated
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hESCs (Bongso et  al.,  2008).  It  is  also very important to develop very good and reliable
methods to detect residual ESCs contamination in ESCs derived cells prior to clinical ap‐
plication.  In their  review, Fong et  al.  (Fong et  al.,  2010)  presented some available meth‐
ods for the elimination of  undifferentiated ESCs.  These included single cell  propagation
with encapsulation, usage of density gradients,  MACS and FACS, usage of tumor privi‐
leged  sites,  usage  of  antibodies  against  undifferentiated  ESCs,  prolonged differentiation
in vitro before transplantation or destruction of teratoma after engraftment. However, be‐
cause differentiation is not an on/off process, it is probably the best to use a combination
of these methods in order to do safe cell therapy.

5. Embryonic stem cells versus induced pluripotent stem cells in clinics

Induced pluripotent cells (iPS) are generated by re-engineering mature, fully differentiat‐
ed cells (e.g. human skin fibroblasts) by modifying the cells with a set of transgenes (Ta‐
kahashi  &  Yamanaka,  2006;  Takahashi  et  al.,  2007).  Induced  pluripotent  stem  cells,
created by turning back the developmental  clock on adult  tissues,  display similar  gene-
expression patterns to ESCs, and can produce various tissues in the human body. How‐
ever, iPS cells have a major advantage over ESCs; they can be obtained directly from the
individual that has to be treated. Thus, as a source of cells for therapy, they are able to
avoid the immunocompatibility issues. Furthermore, the utilization of these stem cells in
both clinical and basic research studies does not face ethical and political issues that oth‐
erwise surround the use of embryonic stem cells.

During the last years various studies reported the differentiation of iPS cells to various types
of cells in vitro and these cells were used for cellular therapy in various mouse models (Wer‐
nig et al., 2008; Saha & Jaenisch, 2009).

However,  before  bringing  these  cells  into  the  clinics,  their  safety  should  be  tested.  For
example, the initial enthusiasm related to bringing iPS cells into clinics dampened when
it  was  shown  that  these  cells  develop  teratoma  more  efficiently  than  ESCs  (Gutierrez-
Aranda et al., 2010). It was also shown that iPS retain the epigenetic memory of the cells
from which they are derived; this fact makes them to preferentially differentiate into the
cell  lineage  from which  they  came from.  Future  clinical  applications  will  demand new
techniques for generating factor-free iPS cells such as virus-free or DNA-free approaches
at  acceptable  efficiencies.  There  are  also  other  disadvantages  in  using  iPS  cells  in  the
clinics. Usually, they are made by integrating retroviruses into the cells as shuttle for the
reprogramming factors. This problem may be solved by transient gene transfer or by de‐
livering the  pluripotency factors  in  protein  form (Murry & Keller,  2008).  The  second is
that iPS cells are not an ‘‘off-the-shelf’’ product and would likely only be produced after
the patient becomes ill,  precluding their use in the acute phase of the disease (Murry &
Keller,  2008).  Quality  control  is  will  also  be  difficult  and expensive,  because  a  separate
batch of iPS cells would have to be made for each patient.
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6. Conclusion

There is no doubt that after the hurdles are overcome, hESC-derived cells have a promising
future for transplantation therapy given the versatility of these cells. It is very encouraging
to see that clinical trials involving the use of hESCs have begun, and that extensive efforts
are underway to efficiently, and safely differentiate hESCs into specific cell types.
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1. Introduction

The ability to reprogram somatic cells into pluripotent stem cells has presented a significant
advancement in stem cell research. This technique enables derivation of induced pluripotent
stem (iPS) cells from any individual having a unique genotype. iPS cells can be derived from
human somatic cells such as fibroblasts, keratinocytes or blood cells. Since, the production of
iPS cell lines does not require the destruction of human embryos as in the production of the
human embryonic stem cells (hESCs), the legal and ethical issues associated with hESCs can
be at least partly avoided. The characteristics of iPS cells are very similar to those of pluripotent
hESCs in many respects, including cell morphology, immortal growth characteristics in
culture, expression of pluripotent markers, and differentiation potential. The iPS cells com‐
bined with the various differentiation protocols developed enable the production of genotype
specific cell types. This feature enables also to produce disease-specific iPS cell lines from
patients bearing defined genetic mutations. Traditionally, it has been challenging to study
genetic cardiac diseases because cardiomyocytes from the heart biopsies of patients are
difficult to obtain and the procedure carries a high risk. Additionally these cardiomyocytes do
not survive long in culture. Animal models, mostly developed in rodent, have aided in
elucidating the basic mechanisms of several genetic cardiac diseases. The disadvantages of
small animal models are marked differences in anatomy and physiology of the cardiovascular
system in comparison to humans. Rodent models are far from ideal when used in the identi‐
fication of contractile deficits and signals that initiate pathological growth [1]. Furthermore,
the results obtained from neonatal rat cell experiments can be problematic because these cells
possess different relative receptor subtypes and cell-signaling mechanisms. It will thus be
especially important to investigate functional consequences of genetic cardiac diseases in
human cardiomyocytes in which the functional effects of specific proteins have been adjusted
to optimize electrical properties, contractile efficiency and power output of larger hearts [2].
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Genetic cardiac diseases, such as long QT syndrome, belong to a severe class of diseases which
are unpredictable, have variable clinical picture ranging from asymptomatic to sudden cardiac
death and lack specific medication. These inherited arrhythmic diseases are caused by single
mutations which are relatively common in population. Earlier we did not have in vitro models
for these diseases, but with the aid of iPS cell derived cardiomyocytes genetic cardiac diseases
can now be modeled in cell culture. The patient specific iPS cell derived cardiomyocytes have
been demonstrated to manifest the disease-associated electrophysiological abnormalities in a
dish [3-6]. Therefore, these cells allow researchers to study and understand disease mecha‐
nisms more readily as well as to investigate the effects of different chemical compounds on
the electrophysiology of the cardiomyocytes. In addition to basic research, iPS cell derived
cardiomyocytes would provide an effective tool for novel drug or treatment discovery.
However, before iPS cell derived cardiomyocytes are ready to be considered for use as disease
models, the cells produced need to be confirmed to exhibit the essential functional character‐
istics of human cardiomyocytes.

In this chapter, the production and the characterization of patient specific iPS cell derived
cardiomyocytes is described. In addition, we discuss the genetic cardiac disease models so far
developed based on iPS technique, their demands, advantages and disadvantages. Further‐
more, the future applications for iPS cell derived cardiomyocytes are discussed.

2. Production of disease specific iPS cell lines

The discovery of cellular reprogramming as a technology to generate iPS cells offers a potential
solution to the challenge when studying genetic cardiac diseases. In this approach, human
adult somatic cells are reprogrammed into stem cells offering comparable function to human
pluripotent ESCs in their ability to develop differentiated progeny from all developmental
lineages of the human being. When somatic cells are reprogrammed to iPS cells, they shut
down the expression of genes specific for that somatic cell type and activate genes that maintain
pluripotency. Once reprogramming has occurred, endogenous counterparts of the exoge‐
nously supplied reprogramming factors are activated, indicating that exogenous factors are
only required for the induction, not for the maintenance of pluripotency [7]. Up to date, various
human somatic cell types, including fibroblasts, keratinocytes, and different blood cells have
been reprogrammed to iPS cells [7-11].

The initial methods used to generate iPS cells involved the retroviral overexpression of four
transcription factors Oct4, Sox2, Klf4, and c-myc observed to be essential in maintaining
pluripotency of hESCs [7, 12]. Another set of four transcription factors Oct4, Sox2, Nanog, and
Lin-28 was also found to induce pluripotency [9]. Efficient retro- and lentiviral vector systems
that have been most widely used to generate iPS cells have several drawbacks including the
possibility of proviral genomic integration, which may cause both the reactivation of silenced
exogenous genes and the alteration of genomic integrity, thereby increasing the risk for
tumorigenesis [12, 13]. Since the seminal discovery the development in this field has been rapid
and numerous alternative strategies have been applied to improve the reprogramming safety,
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efficiency and kinetics as well as to generate iPS cells without viral integration in the genome
(Table 1). The nonintegrating reprogramming methods developed thus far include adeno- and
sendai viruses, plasmid- and episomal vector-based approaches, excision systems of integrat‐
ed transgenes such as Cre/loxP recombination or PiggyBac transposition, and delivery of
reprogramming factors directly as RNAs, proteins and chemicals. However, most of these
nonintegrating approaches are still highly inefficient when compared to the original retro- or
lentiviral reprogramming systems with the exception of nowadays widely used sendai virus
reprogramming method.

Methods Efficiency % Details References

Retroviral vectors Medium, 0.01-0.5 Multiple integration, incomplete silencing,

tumorigenicity possible

[7]

Lentiviral vectors Medium, 0.1-1 Multiple integration, incomplete silencing,

tumorigenicity possible

[9]

Adenoviral vectors Low, 0.001 Non-integrating, however integrated

vector-fragment possible

[14]

Sendaiviral vectors Medium, 0.01-1 Non-integrating, integrated vector-

fragment possible, T sensitive Sendai

vector allowing removal of the virus

[15]

Plasmids Low, 0.001 Occasional integration, simple transfection [16]

OriP/EBNA-1

episomal vectors

Low, 0.0003 Non-integrating, long-term persistent

transcription

[17]

Minicircle DNA

episomal vectors

Low, 0.005 Non-integrating, multiple transductions

needed

[18, 19]

Cre/loxP system Medium, 0.01-1 Integration but excisable, inefficient loxP

site excision, screening needed,

tumorigenicity possible

[20]

PiggyBac system Medium, 0.1 Precise excision possible, screening

needed

[21, 22]

RNAs High, 1 Non-integrating, DNA-free, multiple

transfection needed

[23, 24]

Protein Low, 0.001 Non-integrating, DNA-free, long-term

treatment required, genetic abnormality

possible

[25]

Factors +

small molecules

High, >1 Non-integrating, DNA-free, long-term

treatment required, abnormal signaling

pathway possible, virus used

[26]

Table 1. Overview of the reprogramming methods for the generation of iPS cells.
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3. Cardiomyocyte differentiation

Cardiomyocytes have been differentiated from the hESCs over a decade [27, 28] and multiple
cardiac differentiation methods have been developed. The differentiation methods developed
for hESC derived cardiomyocytes have been proven to be applicable also for cardiac differ‐
entiation of iPS cells.

Overall the differentiation event of hESC and iPS cell derived cardiomyocytes is quite rapid,
10-20 days regardless of the differentiation method used. However, all the differentiation
methods share common problems, including uncontrolled differentiation and low differen‐
tiation rates. With common differentiation methods the cardiomyocyte yield is between ~1-25
% of the total cell number [28-30]. In addition, the cardiomyocyte differentiation efficiency has
been shown to vary markedly between different stem cell lines [31].

All  differentiation methods end up with a heterogeneous cell  population.  In addition to
the  other  cell  types,  the  differentiated  population  includes  all  cardiomyocyte  subtypes;
ventricular, atrial and nodal –like cells [32]. The ventricular cells form usually the majori‐
ty of differentiated cells (60-80%), atrial cells form usually 10-40 % of the population and
only <5% of cells are nodal-like cells [32, 33]. However, these numbers can differ depend‐
ing on the cell line used [34].

The cardiac differentiation methods are lately reviewed [35] and described in Figure 1.

4. Transdifferentiation of fibroblasts into cardiac cells

Murine fibroblasts can be reprogrammed directly into cardiomyocytes by overexpression of
Gata4, Mef2c and Tbx5 (GMT) [36]. This combination of factors has been reported to convert
murine cardiac fibroblasts and tail tip fibroblasts into spontaneous beating cells having
cardiomyocyte expression profiles. In addition, epigenetic status is typical for cardiomyocytes
in these cells. However, Chen and co-workers have shown this method to be inefficient [37].
Overexpression of GMT factors resulted in an increase in cardiac troponin expression but
spontaneous action potentials were lacking even though 22% of the cells exhibited voltage-
dependent calcium currents.

A lot of effort has been done to transdifferentiate human fibroblasts into cardiomyocytes. So
far spontaneously beating human cells have not been obtained. However, with transcription
factors mesoderm posterior (MESP) homolog and mammalian v-ets erythoblastosis virus E26
oncogene homolog ETS2 cardiomyocyte progenitors expressing cardiac mesoderm marker
KDR have been obtained [38]. It seems that the GMT method alone is not robust enough for
direct reprogramming of human cardiomyocytes. Therefore it has been suggested that
combination of GMT with other transcription factors, mRNAs or small molecules could
provide more efficient reprogramming procedure [39]. In addition, based on animal experi‐
ments it can be concluded that cardiac microenvironment has also important role in reprog‐
ramming [40].
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Figure 1. Generation of disease –specific iPS cell lines and cardiomyocytes. Cardiac differentiation methods can be div‐
ided into three classes; (1) Embryoid body (EB) based, (2) END-2 coculture based or (3) directed differentiation meth‐
ods. Traditionally EB method has been based on spontaneous aggregation of EBs and spontaneous differentiation
[28]. However, lately multiple methods controlling the EB formation has been developed [41] enhancing the reprodu‐
cibility and productivity of the cardiac differentiation. END-2 method can be performed in two ways, either co-cultur‐
ing the hESC or iPS cells in contact with END-2 cells [42] or by using END-2 conditioned media [43]. A lot of effort has
been made in enhancing and defining the cardiac differentiation and this has led to the development of directed dif‐
ferentiation methods with growth factors or small molecules. Activin A and BMP-4 has been used in combination with
monolayer cultures on matrigel to differentiate cardiomyocytes [44]. A temporal modulation of Wnt signaling by us‐
ing small molecules has been proven to an even more robust and, in addition, rather inexpensive method for cardio‐
myocyte differentiation [45]. Directed reprogramming of fibroblasts to cardiomyocytes has been successful with
mouse cells. However, this method has not yet been proven to work with human cells.

5. The assesment of the cardiomyocyte functionality

5.1. Cardiomyocyte characterization at gene and protein level

The first characterization step for the differentiated hESC or iPS cell derived cardiomyocytes
is the observation of spontaneously beating cells. In addition, cardiomyocyte phenotype can
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be assessed at the gene or protein level with cardiomyocyte specific markers such as structural
proteins troponin, alpha-actinin or myosins. The commonly used markers in monitoring the
cardiac differentiation are listed in Table 2.

Cell stage Markers

Pluripotent cells OCT4

Nanog

SOX2

Tra-1-60

SSEA-4

Precardiac/cardiac mesodermal cells Brachyury T

FoxC1

Dkk-1

Mesp1

Flk-1

Cardiac precursor cells KDR

Nkx2.5

GATA4

Tbx5

Isl-1

Mef2c

Hand1/2

Cardiac cells Troponin I and T

Sarcomeric α-actinin

Myosin heavy- and light-

chain (MHC and MLC)

Table 2. Markers used in monitoring the cardiac differentiation.

5.2. Electrophysiological methods

5.2.1. Patch clamp

Traditional way to study the functionality and the electrical activity of the cardiomyocytes is
the patch clamp technique [46]. Originally patch clamp method has been developed to study
ion channels in excitable membranes [47]. In this technique micropipette is attached to the cell
membrane by a giga seal and this can be exploited to measure current changes and voltage
across the membrane. Due to the unique nature of the cardiomyocyte action potential curve,
the ion channel composition and the maturation stage of the cardiomyocyte can be assessed
and therefore the method has been widely used with stem cell derived cardiomyocyte studies.

Key cardiac ion channels (and respective current) involved in the human action potential are
NaV1.5 (INa), KV4.3 (Ito), CaV1.2 (ICa,L) KV11.1 (IKr), KV7.1 (IKs), and Kir2.X (IK1) [48]. The
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cardiac action potential is composed of co-operation of these channels and the action potential
curve can be divided into five different phases (Figure 2). Phase 0 of the action potential is the
depolarization phase of the cardiomyocytes from the negative membrane potential to positive,
called the upstroke. This is followed by phase 1, the short transient repolarization that is
followed by the plateau phase 2. Phase 2 is followed by phase 3, which is the repolarization
back to the resting membrane potential. The resting state of the membrane potential is called
as the phase 4 [49].

As mentioned, cardiac action potential results from the chain reaction of multiple ion channels.
Therefore a malfunction of a single ion channel can be observed from the action potential curve.
Figure 2 presents the parameters which are used in analyzing the action potential. In regard
to analyzing cardiac disease specific cells, the action potential duration plays an important role
because the lengthening of the action potential may lead to severe arrhythmias.

As a method, patch clamp is very informative and provides invaluable data for example for
pharmacological and safety pharmacological studies. However, it is very laborious, needs
highly specialized machinery and, most importantly, dedicated and specialized users. For
these reasons, semi-automated and automated patch clamp machinery are being developed
and would be valuable for cardiomyocyte applications [50, 51].

Figure 2. The phases of the cardiac action potential. ADP50 and ADP90 represent the action potential duration at 50%
and 90% of the repolarization and these parameters are used in determining the duration of the action potential. The
dV/dtmax represents the maximal upstroke velocity and can be used in assessing the electrophysiological phenotype
and maturity stage of the cardiomyocytes.
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Precardiac/cardiac mesodermal cells Brachyury T

FoxC1

Dkk-1

Mesp1

Flk-1

Cardiac precursor cells KDR

Nkx2.5

GATA4

Tbx5

Isl-1

Mef2c

Hand1/2

Cardiac cells Troponin I and T

Sarcomeric α-actinin

Myosin heavy- and light-

chain (MHC and MLC)

Table 2. Markers used in monitoring the cardiac differentiation.

5.2. Electrophysiological methods

5.2.1. Patch clamp

Traditional way to study the functionality and the electrical activity of the cardiomyocytes is
the patch clamp technique [46]. Originally patch clamp method has been developed to study
ion channels in excitable membranes [47]. In this technique micropipette is attached to the cell
membrane by a giga seal and this can be exploited to measure current changes and voltage
across the membrane. Due to the unique nature of the cardiomyocyte action potential curve,
the ion channel composition and the maturation stage of the cardiomyocyte can be assessed
and therefore the method has been widely used with stem cell derived cardiomyocyte studies.

Key cardiac ion channels (and respective current) involved in the human action potential are
NaV1.5 (INa), KV4.3 (Ito), CaV1.2 (ICa,L) KV11.1 (IKr), KV7.1 (IKs), and Kir2.X (IK1) [48]. The
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cardiac action potential is composed of co-operation of these channels and the action potential
curve can be divided into five different phases (Figure 2). Phase 0 of the action potential is the
depolarization phase of the cardiomyocytes from the negative membrane potential to positive,
called the upstroke. This is followed by phase 1, the short transient repolarization that is
followed by the plateau phase 2. Phase 2 is followed by phase 3, which is the repolarization
back to the resting membrane potential. The resting state of the membrane potential is called
as the phase 4 [49].

As mentioned, cardiac action potential results from the chain reaction of multiple ion channels.
Therefore a malfunction of a single ion channel can be observed from the action potential curve.
Figure 2 presents the parameters which are used in analyzing the action potential. In regard
to analyzing cardiac disease specific cells, the action potential duration plays an important role
because the lengthening of the action potential may lead to severe arrhythmias.

As a method, patch clamp is very informative and provides invaluable data for example for
pharmacological and safety pharmacological studies. However, it is very laborious, needs
highly specialized machinery and, most importantly, dedicated and specialized users. For
these reasons, semi-automated and automated patch clamp machinery are being developed
and would be valuable for cardiomyocyte applications [50, 51].

Figure 2. The phases of the cardiac action potential. ADP50 and ADP90 represent the action potential duration at 50%
and 90% of the repolarization and these parameters are used in determining the duration of the action potential. The
dV/dtmax represents the maximal upstroke velocity and can be used in assessing the electrophysiological phenotype
and maturity stage of the cardiomyocytes.
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5.2.2. Micro electrode array

In addition to the traditional patch clamp technique [46] the micro electrode array (MEA) –
platform [52] offers practical, relative easy and non-invasive technique to assess the electrical
properties of the differentiated cardiomyocytes [53]. Contrary to the patch clamp, the MEA
system measures the electrical activity of a cell population. Therefore the signal resembles
electrocardiogram (ECG) and is called field potential instead of action potential. Even though
the ion channel function cannot be studied in the similar accuracy as with patch clamp, it allows
examination field potential properties, such as cardiac repolarization, and therefore enables
drug effect investigation [53]. During the last years, MEA has been widely used in character‐
ization of hESC- and iPS cell derived cardiomyocytes [31, 54]. MEA has been become a basic
electrophysiological tool and in addition to cardiomyocytes, it has been successfully used also
with other cell types, such as neurons [55].

The MEA system is also applicable in studying cardiac cell responses to pharmaceutical agents
[54]. It also enables cells to be measured repeatedly for longer periods of times e.g. multiple
days or weeks. However, the analysis of MEA measurement data is laborious. Therefore, semi-
automated and automated systems for data analysis have been developed, which makes MEA
system more reliable and efficient tool in research [56].

5.2.3. The assessment of calcium homeostasis

In addition to the unique co-operation of cardiac ion channels, the interaction of calcium-ions
with cardiac structure proteins is another crucial feature in cardiomyocytes that is essential
for the proper function of the heart. In human cardiomyocytes, calcium ion (Ca2+) influx
through L-type calcium channels during the plateau phase triggers the Ca2+-release from the
sarcoplasmic reticulum (SR) which is mediated by the ryanodine receptors (RyR2). The Ca2+
influx together with the release raises the free calcium concentration inside the cardiomyo‐
cytes. In sytosol, free calcium binds to troponin C in the myofilaments and triggers the
machinery which induces the cell contraction. For the cell relaxation to occur, the calcium has
to be rapidly removed from the cytosol. The removal is efficient with the aid of four separate
pathways; sarcoplasmic reticulum Ca2+-ATPase (Serca2a), sarcolemmal Ca2+-ATPase,
sarcolemmal Na+/Ca2+ exchanger and mitochondrial Ca2+ uniport [57].

Similarly as the regular and synchronous chain of action potentials, calcium concentration
fluctuates in the cardiomyocytes. Therefore, with the aid of calcium binding dyes and modern
fluorescence microscope systems, the function and response to pharmaceutical agents of
cardiomyocytes can be monitored. This method is called calcium imaging [58, 59]. The calcium
binding dyes, such as Fura-2 and Fluo-4, can be loaded inside the cardiomyocyte cytosol and
when the calcium ions are released to the cytosol, the ions bind to the dyes and a fluorescence
signal can be detected. When the fluorescence intensity is measured from the single cell, the
calcium handling of the single cardiomyocyte can be monitored and analyzed. From the
calcium imaging data, the beating rate and the function of the calcium handling machinery in
the cardiomyocytes can be assessed. If the calcium is not released or withdrawn from the
cardiomyocyte cytosol in a proper way, irregularity or multiple peaks can be seen in the
calcium imaging curve.
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5.2.4. Force measurement

Recently a lot of effort has been applied to develop measuring systems to understand the
mechanobiology of cardiomyocytes. Force measurement technique can be applied to measure
isometric cardiomyocyte force contraction. A number of parameters can be determined by
using the cardiomyocyte force measurement such as determination of Ca-sensitivity, cooper‐
ativity of force production and maximal Ca-activated force. Kinetics of the contractile re‐
sponses can also be measured such as the actin-myosin turnover kinetics. These parameters
can be useful in the characterization of myofibrillar pathologies of various origin and drug
effects. Most of the currently existing systems are only suitable for the study of cardiac tissue
slices and therefore inappropriate to be used for iPS cell derived cardiomyocytes. Recently,
however, cardiomyocyte force measurement system based on atomic force microscopy (AFM)
was developed which can also be used to study single cardiomyocytes and small clusters of
cardiomyocytes [60]. With the AFM system they were able to measure contractile forces, beat
frequencies and durations of single cardiomyocytes and small cardiomyocyte clusters. The
AFM-based method is also applicable for the screening of cardiac-active pharmacological
agents. Cardiac microtissues have also been constructed using human pluripotent stem cell
derived cardiomyocytes and the contraction force of the beating tissues has been analyzed
with custom made platforms [61, 62].

6. Diseases modeled with iPS cell technique

Since the revolutionary discovery of iPS cells, multiple genetic diseases including cardiac and
neuronal diseases have been modeled with patient specific iPS cell derived cells. Since primary
human cardiomyocytes are not available for research in vitro, iPS cell derived cardiomyocytes
are invaluable tool to study the pathophysiology of severe cardiac diseases and will undoubt‐
edly provide groundbreaking innovations in the future.

6.1. Long QT-syndrome

Long QT-syndrome (LQTS) appears as a genetic or a drug-induced form. It is characterized
by a prolonged cardiac repolarization phase resulting in a prolonged QT interval in the surface
electrocardiogram (ECG). The clinical symptoms of LQTS include palpitations, syncope and
seizures and even sudden cardiac death.

More than 700 mutations in 12 different genes (LQT1–12) have been found to affect genetic
forms of LQTS [63]. However, two of these subtypes account the majority (>90%) of all the
genetically identified LQTSs. Both of these mutations affect potassium channels altering their
proper function. LQTS type 1 (LQT1) is the most common LQTS subtype, resulting from
mutations in the KCNQ1 gene. This gene encodes the α-subunit of the slow component of the
delayed rectifier potassium current (IKs) channel [64]. Individuals with LQT1 typically have
symptoms when the heart rate is elevated e.g. during exercise [65, 66].

LQTS type 2 (LQT2) is due to non-proper functioning of the α-subunit of the rapid delayed
potassium channel (IKr), which is encoded by the human ether-a-go-go-related gene (HERG),
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cardiomyocytes can be monitored. This method is called calcium imaging [58, 59]. The calcium
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frequencies and durations of single cardiomyocytes and small cardiomyocyte clusters. The
AFM-based method is also applicable for the screening of cardiac-active pharmacological
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human cardiomyocytes are not available for research in vitro, iPS cell derived cardiomyocytes
are invaluable tool to study the pathophysiology of severe cardiac diseases and will undoubt‐
edly provide groundbreaking innovations in the future.

6.1. Long QT-syndrome

Long QT-syndrome (LQTS) appears as a genetic or a drug-induced form. It is characterized
by a prolonged cardiac repolarization phase resulting in a prolonged QT interval in the surface
electrocardiogram (ECG). The clinical symptoms of LQTS include palpitations, syncope and
seizures and even sudden cardiac death.

More than 700 mutations in 12 different genes (LQT1–12) have been found to affect genetic
forms of LQTS [63]. However, two of these subtypes account the majority (>90%) of all the
genetically identified LQTSs. Both of these mutations affect potassium channels altering their
proper function. LQTS type 1 (LQT1) is the most common LQTS subtype, resulting from
mutations in the KCNQ1 gene. This gene encodes the α-subunit of the slow component of the
delayed rectifier potassium current (IKs) channel [64]. Individuals with LQT1 typically have
symptoms when the heart rate is elevated e.g. during exercise [65, 66].

LQTS type 2 (LQT2) is due to non-proper functioning of the α-subunit of the rapid delayed
potassium channel (IKr), which is encoded by the human ether-a-go-go-related gene (HERG),
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also known as KCNH2-gene [67]. Contrary to type 1, individuals with LQT2 have clinical
symptoms when the heart rate is slow [65, 66] and syptoms can be triggered e.g. by an alarm
clock during sleep. The drug induced form of LQTS is due to altered function of the HERG-
channel by the drug, therefore this channel has a significant importance during drug devel‐
opment and in safety studies.

The prevalence of the genetic form of LQTS is 1:2,000 in the general population [63]. However,
the penetrance of the clinical symptoms of LQTS is low and there is considerable variation in
phenotypic expression even within families carrying the same mutation [68]. It has also been
suggested, that the population prevalence of milder LQTS mutations might be higher.
Therefore the prevalence of latent or concealed LQTS, i.e. relatively asymptomatic individuals,
would be higher than currently anticipated [69]. Due to this challenging and complex nature
of LQTS, in addition, to the great interest of pharmaceutical industry towards this disease,
multiple reports of iPS cell- based LQTS cell models have been published since 2007 when the
iPS technology was invented.

Moretti and co-workers produced iPS cell derived cardiomycotyes from two patients carrying
a KCNQ1 (R190Q) mutation [6]. In this study, the cardiomyocytes possessed the LQT1
genotype and exhibited prolonged action potential duration. The action potential prolongation
was determined to be caused by the ion-channel trafficking defect resulting in a 70-80% IKs
current density reduction. A β-adrenergic agonist isoproterenol altered the activation and
deactivation kinetics of the IKs and this effect was rescued by the β-blockade [6]. Egashira and
co-workers also produced a disease model for LQTS type 1 [70]. In their study, the iPS cells
were derived from a sporadic patient who did not have a family history of significant QT
interval abnormality. The mutation of the patient in the KCNQ1 was novel (1893delC) and the
cells exhibited prolonged action potential duration in addition to arrhythmogenity.

Similarly results were found with iPS-CM derived from a patient suffering from the severe
LQT type 2 syndrome. The patient had hERG (A614V) mutation and previously presented
episodes of torsade de pointes (TdP), a special type of polymorphic ventricular tachycardia
which is associated with LQTS [4]. The LQT2-cardiomyocytes derived from the patient’s iPS
cells demonstrated increased arrhythmogenicity associated with early after depolarizations
(EADs) [5]. In addition, significant APD prolongation due to a reduced IKr current density
was observed [4]. Arrhytmia and EADs were also induced by a specific HERG-channel blocker
E-4031 to iPS cell derived CM having a hERG (G1681A) mutation. In addition, these cells
exhibited EADs caused by the isoproterenol treatment and these EADs were rescued by β-
blockade [5].

All the aforementioned studies were done with iPS cells derived from the symptomatic LQTS
patients. Nevertheless, similar results have been obtained from patients without severe
symptoms. In the study made in our institute, iPS cell lines were derived from a patient having
a KCNH2 (R176W) mutation and a family history of LQTS. However, this individual was
asymptomatic except for occasional palpitations. iPS cell derived cardiomyocytes from this
patient manifest the phenotype characteristics to LQT2, such as a prolonged repolarization
time and increased arrhythmogenicity [3].
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A human cell model for LQT3 has also been produced and its function and characteristics were
compared with a mouse models which were based on both mouse ESCs and mouse iPS cells
affected with the same disease specific mutation [71]. LQT3 syndrome is due to mutations in
the SCN5A gene, which encodes for the α-subunit of the cardiac sodium (Na+) channel. These
mutations disrupt the inactivation of the Na+ channel during the action potential plateu phase
and this irruption leads to the delay in repolarization and further prolonged QT interval [72].
In addition to LQT3, another kind of cardiac arrhythmia syndromes such as Brugada syndrome
and cardiac conduction disease are associated with mutations in the SCN5A gene. In these
syndromes the mutations are loss-of-function-type whereas LQT3 syndrome they are gain-of-
function-type mutations [72, 73]. The comparison of multiple types of pluripotent stem cell
derived cardiomyocytes showed that all of these models manifest the symptoms of the disease
and, furthermore, the characteristics are similar within both species [71]. iPS cell models for
these loss-of-function diseases have not yet been described.

6.1.1. Timothy syndrome

Timothy syndrome is caused by a single mutation in the CACNA1C-gene. This gene encodes
the main L-type calcium channel, Cav1.2, in the mammalian heart which is essential for the
cardiac action potential and also for cardiomyocyte contraction [74-76]. Timothy sydrome
characterized by LQTS, syndactyly (webbing of fingers and toes), immune deficiency and
autism [77] iPS cell derived cardiomyocytes originating from Timothy syndrome patients
exhibited irregular functional properties typical for the disease [78]. Interestingly, these
irregularities were restored by roscovitine, a compound which increases the voltage-depend‐
ent inactivation of Cav1.2 [78].

6.1.2. Catecholaminergic Polymorphic Ventricular Tachycardia

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited cardiac
disorder characterized by stress-induced polymorphic ventricular tachycardia in a structurally
normal heart. CPVT is a very severe disease and 30-35% of mutation carriers have had
symptoms (stress-related syncope, seizures or sudden death) by the age of 30. This disease is
caused by mutations in the genes of RyR2 or calsequestrin (CASQ2) which is a regulatory
calcium-buffering protein associated with RyR2 in the SR [79-82].

Multiple iPS-based CPVT disease models have been published, most of them having the
disease specific mutation in the RyR2 gene while [83-85] and one having the mutation in
the  CASQ2  gene  [86].  The  congruent  result  from  these  CPVT  model  studies  was  the
occurrence of delayed after depolarizations (DADs) and arrhythmias which are caused by
the aberrant  diastolic  Ca2+  from the SR.  Notably the model  with RyR2-P2328S mutation
also exhibited early after depolarizations (EADs) in addition to DADs suggesting suggest‐
ing another pathophysiological mechanism for CPVT [85]. Intriguing finding was also the
effect of dantrolene in rescuing the arrhythmogenic phenotype [84].
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6.1.3. Cardiomyopathies

Mutations in the genes expressed in the cardiomyocytes can cause heart diseases known as
cardiomyopathies. Cardiomyopathies are currently categorized into the following four classes:
arrythmogenic right ventricular cardiomyopathy, dilated cardiomyopathy, hypertrophic
cardiomyopathy, and restrictive cardiomyopathy [87]. Cardiomyopathies that are associated
with mutations in genes encoding for sarcomeric proteins are a frequent cause of heart failure.

iPS cells have been used to generate cardiomyocytes from patients in a family with inherited
dilated cardiomyopathy (DCM) [88]. The researchers generated a large number of individual-
specific cardiomyocytes from a family carrying a deleterious point mutation (R173W) in
TNNT2, a gene encoding for a sarcomeric protein cardiac troponin T, which regulates
cardiomyocyte contraction. When compared to cardiomyocytes derived from iPS cells of
healthy controls within the same family, the researchers showed that cardiomyocytes derived
from iPS cells of DCM patients exhibited an increased heterogenous myofilament organization
due to abnormal distribution of α-actinin, compromised ability to regulate calcium flux, and
decreased contraction force. When DCM specific cardiomyocytes were stimulated with a β-
adrenergic agonist, the cells showed characteristics of cellular stress such as reduced beating
rates, compromised contraction, and a greater number of cells with abnormal sarcomeric α-
actinin distribution. The authors also showed that the function of DCM-specific cardiomyo‐
cytes was improved with the treatment with β-adrenergic blockers or overexpression of
Serca2a.

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is another genetic cardiomyop‐
athy characterized by replacement of cardiomyocytes by adipose and fibrous tissue leading to
right ventricular failure, arrhythmias and even sudden death [89]. Twelve different genes have
been linked to ARVC and all these encode cardiac cell adhesion proteins resulting in dysfunc‐
tional cardiac desmosomes. Cell adhesion proteins resulting in ARVC include plakoglobin
(JUP), desmoplakin (DSP) and plakophilin 2 (PKP2). Patient specific iPS cells have been
generated from an ARCV patient carrying a PKP2 mutation and having clinical manifestations
of the disease [90]. ARVC specific cardiomyocytes revealed reduced amount of desmosomal
proteins and more lipid droplets in the cardiomyocytes compared to control cardiomyocytes
thus presenting the abnormalities observed in ARCV patients.

The third form of cardiomyopathy, hypertrophic cardiomyopathy (HCM), is a complex
autosomal-dominant disease and the affected individuals acquire cardiac hypertrophy
without external stimuli. Cardiac hypertrophy can be induced by different exogenous factors
such as hypertension and valvular disease and even by severe exercise [91]. Affecting in 1 in
500 individuals within the general population, genetic HCM is the most common inherited
cardiovascular disorder and the leading cause of sudden cardiac death in adolescents and
young adults, especially in atheletes [92-94]. The majority of gene mutations associated with
HCM occur in 13 sarcomere-related genes where several hundred mutations have been
identified [94-97]. Typically cardiac hypertrophy affects the left ventricle and the interventric‐
ular septum and may eventually lead to left ventricular outflow tract obstruction, arrythmias,
diastolic dysfunction, and sudden death. Other hallmark features are myocyte disarray and
fibrosis [94-97]. The hypertrophic process in cardiomyocytes is characterized by morphological

Pluripotent Stem Cells426

changes including increase in protein synthesis, enhanced sarcomere reorganization as well
as activation of specific cardiac genes [98-100].

iPS cell technology has not yet been reported to model HCM. However, iPS cells were used to
generate cardiomyocytes from two LEOPARD syndrome patients carrying mutation in the
PTPN11 gene encoding for the SHP2 phosphatase [101]. LEOPARD syndrome is an autosomal-
dominant developmental disorder belonging to inherited RAS-mitogen-activated protein
kinase signalling diseases. A major disease phenotype of the LEOPARD syndrome patients is
HCM [102]. The iPS cell derived cardiomyocytes from LEOPARD syndrome were larger, had
a higher degree of sarcomeric organization as well as preferential localization of NFATC4 in
the nucleus when compared to iPS cell derived cardiomyocytes from healthy sibling of the
LEOPARD syndrome patient thus presenting some indications of hypertrophy in patient
specific cardiomyocytes.

7. Challenges with iPS cell technology and disease modeling

There are still several challenges that need to be carefully considered when designing disease
modeling studies with specialized cell types derived from iPS cells. One potential challenge
relates to the reactivation of silenced exogenous transgenes in the iPS cells or in their differ‐
entiated derivatives leading to the altered genomic integrity which may have unknown effects
on the differentiation potential and characteristics of differentiated cell types. Efforts to
improve the reprogramming methods have led to the technical development of nonintegrating
approaches for iPS cell generation which will eliminate this risk in the future iPS cell lines and
their differentiated derivatives. The nonintegrating sendai virus tehnique is already widely
used in the generation of iPS cells. Regular monitoring of exogenous genes in iPS cells lines
generated by using the integrating techniques is advisable.

Many genetic cardiac diseases are complex demonstrating huge clinical heterogeneity even
within families and patients having the same mutation. In addition, reprogrammed cells carry
genetic alterations that have accumulated through life, thus there is a risk that the variance
overwhelms the ability to detect the authentic mechanisms in the pathophysiology of the
disease. Thus, it will be essential to investigate adequate number of iPSC lines and patients to
be able to demonstrate the common features of the cardiac disease phenotype. Further, it may
be advantageous to initially compare the characteristics of cardiomyocytes from patients
having severe symptoms.

Most likely in many genetic cardiac diseases various cell types in the heart contribute to the
pathophysiological responses of the disease, thus there is a risk that it is impossible to
recapitulate the features of the disorder by using solely cardiomyocytes. A 3D human heart
tissue model with proper composition of cardiomyocytes, endothelial cells, fibroblasts, smooth
muscle cells as well as neurons has not been developed but in recent years the advancement
in this field of research has been rapid and hopefully in future we have besides cell models
authentic tissue models to study genetic cardiac diseases.
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6.1.3. Cardiomyopathies

Mutations in the genes expressed in the cardiomyocytes can cause heart diseases known as
cardiomyopathies. Cardiomyopathies are currently categorized into the following four classes:
arrythmogenic right ventricular cardiomyopathy, dilated cardiomyopathy, hypertrophic
cardiomyopathy, and restrictive cardiomyopathy [87]. Cardiomyopathies that are associated
with mutations in genes encoding for sarcomeric proteins are a frequent cause of heart failure.
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TNNT2, a gene encoding for a sarcomeric protein cardiac troponin T, which regulates
cardiomyocyte contraction. When compared to cardiomyocytes derived from iPS cells of
healthy controls within the same family, the researchers showed that cardiomyocytes derived
from iPS cells of DCM patients exhibited an increased heterogenous myofilament organization
due to abnormal distribution of α-actinin, compromised ability to regulate calcium flux, and
decreased contraction force. When DCM specific cardiomyocytes were stimulated with a β-
adrenergic agonist, the cells showed characteristics of cellular stress such as reduced beating
rates, compromised contraction, and a greater number of cells with abnormal sarcomeric α-
actinin distribution. The authors also showed that the function of DCM-specific cardiomyo‐
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right ventricular failure, arrhythmias and even sudden death [89]. Twelve different genes have
been linked to ARVC and all these encode cardiac cell adhesion proteins resulting in dysfunc‐
tional cardiac desmosomes. Cell adhesion proteins resulting in ARVC include plakoglobin
(JUP), desmoplakin (DSP) and plakophilin 2 (PKP2). Patient specific iPS cells have been
generated from an ARCV patient carrying a PKP2 mutation and having clinical manifestations
of the disease [90]. ARVC specific cardiomyocytes revealed reduced amount of desmosomal
proteins and more lipid droplets in the cardiomyocytes compared to control cardiomyocytes
thus presenting the abnormalities observed in ARCV patients.

The third form of cardiomyopathy, hypertrophic cardiomyopathy (HCM), is a complex
autosomal-dominant disease and the affected individuals acquire cardiac hypertrophy
without external stimuli. Cardiac hypertrophy can be induced by different exogenous factors
such as hypertension and valvular disease and even by severe exercise [91]. Affecting in 1 in
500 individuals within the general population, genetic HCM is the most common inherited
cardiovascular disorder and the leading cause of sudden cardiac death in adolescents and
young adults, especially in atheletes [92-94]. The majority of gene mutations associated with
HCM occur in 13 sarcomere-related genes where several hundred mutations have been
identified [94-97]. Typically cardiac hypertrophy affects the left ventricle and the interventric‐
ular septum and may eventually lead to left ventricular outflow tract obstruction, arrythmias,
diastolic dysfunction, and sudden death. Other hallmark features are myocyte disarray and
fibrosis [94-97]. The hypertrophic process in cardiomyocytes is characterized by morphological
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be able to demonstrate the common features of the cardiac disease phenotype. Further, it may
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having severe symptoms.

Most likely in many genetic cardiac diseases various cell types in the heart contribute to the
pathophysiological responses of the disease, thus there is a risk that it is impossible to
recapitulate the features of the disorder by using solely cardiomyocytes. A 3D human heart
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in this field of research has been rapid and hopefully in future we have besides cell models
authentic tissue models to study genetic cardiac diseases.
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The current cardiomyocyte differentiation protocols generate cells lacking full maturity when
compared to human adult cardiomyocytes. This may lead to a situation where it is impossible
to detect some molecular or functional basis of the cardiac disease. To reduce this risk it will
be advisable to use control cells to compare diseased cardiomyocytes to healthy cardiomyo‐
cytes. For reliable and reproducible modeling of cardiac diseases it is necessary to have
preferable multiple iPS lines from healthy controls. For monogenic diseases the use of iPS cells
derived from the healthy family members would be favorable for minimizing the effect of
genetic variation. However, iPS cells from family members are not always available. On
possibility to overcome this challenge is to use genome editing techniques such as zinc finger
nuclease technology and transcription activator–like effectors (TALEs) in modifying the iPS
cells [103, 104]. With these methods, it is possible to correct a targeted point mutation in human
iPS cells and produce control cells for disease specific iPS cells.

8. Conclusions

The most relevant human disease model uses cells of human origin, of the appropriate cell
type, and with the identical genetic background as the patients. Traditionally, this approach
in cardiac diseases has been out of reach as human cardiomyocytes are not easily procured
and their propagation in vitro is extremely problematic. The revolutionary discovery of cellular
reprogramming as a technology to generate iPS cells enables the production of patient specific
cell types such as cardiomyocytes which can be used as authentic and relevant human cell
models to study the pathophysiology of genetic cardiac diseases as well as in drug discovery
and safety assays. The most relevant aspects in disease modeling are to show that the produced
disease specific cell type bears the disease causing mutation and further to present the
functional consequences of the mutant protein. Here we have reviewed the genetic cardiac
diseases modeled thus far by using the iPS cell technology. Worthwhile of noticing is that the
era of iPS cells in disease modeling is just in the very beginning. As the production of iPS cells
and cardiomyocytes with more mature phenotype and the methods available for the functional
characterization of cardiomyocytes continue to develop the future looks bright for modeling
genetic cardiac diseases. Importantly these models will be extremely valuable for drug
discovery and toxicology in the future.
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1. Introduction

For past several decades, laboratory animal models have been the prevailing paradigm for
studying human diseases. A classic approach is to study the impact of specific genes
through the use of gain- or loss-of-function mutant animals. While the animal models have
greatly contributed to our understanding of the etiology and mechanisms of disease, they
often fall short of fully recapitulating human pathophysiology and translating to clinical ap‐
plications due to interspecies physiologic differences. In a review of preclinical studies of
animal models published in high-impact scientific journals, approximately one-third trans‐
lated to the level of human randomized trials and only one-tenth were subsequently ap‐
proved clinically for patient use [1]. This attrition rate would have been even higher if less
frequently cited animal research had been included. These unresolved issues with animal
models have set the stage for the emergence of human embryonic stem cell (hESC) and hu‐
man induced pluripotent stem cell (hiPSC) for modeling human diseases.

Laid out in this chapter, we will discuss the development of various stem cell paradigms includ‐
ing mESC, hESC, and hiPSC (Figure 1); examine the utilization of these models via studies of
cardiac diseases; assess the current limitations and future challenges; and finally conclude with
the prospective outlook and viability of the field holistically in the scope of disease modeling.

2. Human cardiovascular diseases

According to the American Heart Association, cardiovascular diseases (CVD) remains the
leading cause of deaths in United States, accounting for 32.8% of all deaths or roughly one of
every three deaths [2]. To put into perspective, that is an average of 1 death every 39 sec‐
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unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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onds. CVD is a generic term that encompasses conditions that affect the circulatory system,
including myocardial infarction, angina pectoris, heart failure, stroke, and congenital cardio‐
vascular defects. Both genetic and environmental factors are implicated in the pathogenesis
of CVDs. While some risk factors such as lifestyle habits and family history have been iden‐
tified for CVDs, much more remains to be learned about the pathophysiology, optimal man‐
agement, and proper prevention. Moreover, genetic predispositions like abnormalities in
specific ion channels and sarcomere proteins pose special diagnostic and therapeutic chal‐
lenges. In fact, for most heritable forms of heart diseases, current treatment options leave
much to be desired.

Figure 1. Timeline of stem cell modeling progress. Stem cell platforms are a new technology that was only intro‐
duced within the last two decades. The most recent breakthrough in hiPSC occurred just six years ago.

3. Stem cell disease modeling

Despite much progress in the past couple decades in the discovery of the molecular and ge‐
netic causes of many heart diseases, a detailed mechanic understanding of failing heart at
the cellular level remains rudimentary. The main reason for this situation is the lack of ac‐
cess to live human tissues and unproven human cardiomyocyte cell culture models. Post‐
partum, cardiomyocytes become terminally differentiated and cease to proliferate, thus
making isolation and culture of human myocardial cells extremely challenging. One surro‐
gate for human cardiomyocyte culture is the use of rat neonatal cardiomyocytes, which has
been shown to yield 8.4x106 cells per heart [3]. However, with both human and rat neonatal
cardiomyocytes, the inability to continuously passage cells and scarcity of resource make
them unsustainable candidates for disease modeling.

Pluripotent Stem Cells440

Figure 2. Overview of the stem cell disease modeling process. The blue and yellow lightning bolts indicate the
addition of reprogramming and directed differentiation factors, respectively.

Furthermore, special considerations must be taken into account for critical differences be‐
tween animal and human cardiomyocytes, in terms of cell biological, mechanical and elec‐
trophysiological properties. The lack of appropriate human heart disease models have
hindered development of rational therapies, and the prospects for new therapies to treat
heart diseases remain dim despite tremendous advances in various animal models. An alter‐
native human biology based approach for heart disease modeling is to use human stem cells
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as a renewable source of cells for cardiomyocytes. In the following section, we will discuss
the various stem cell platforms (mESC, hESC, & hiPSC) for disease modeling, with specific
focus on cardiovascular diseases (Figure 2).

3.1. mESC paradigm

In 1981, the first pluripotent mouse embryonic stem cells (mESCs) were isolated in vitro by
culturing the inner cell mass of pre-implantation mouse blastocysts [4, 5]. These cells were
capable of self-renewal and pluripotent differentiation into all three germ layers (ectoderm,
mesoderm, and endoderm) [6]. The initial studies demonstrated a proof of concept, showing
the feasibility of isolating pluripotent cells directly from early embryos. The unique capabili‐
ty of culturing pluripotent cells in vitro provided the means for genetic manipulation via se‐
lection or transformation of specific DNA fragments, and importantly to develop genetic
mouse models of human disease. This platform allowed researchers to begin exploring path‐
ways in cardiac development to dissect underlying molecular and cellular mechanisms
causing congenital defects and other abnormalities.

While the general use of mESCs was promising, inherent problems with using animal mod‐
els remained in the context of studying disease pathogenesis and pathophysiology. One of
the crucial points of divergence is the shear difference in size and complexity between hu‐
mans and mice both macroscopically and genomically [7]. Consequently, disease suscepti‐
bility may vary drastically. For instance, a mouse heart is ten thousand times smaller but
beats roughly seven times faster than that of a human. The two organisms also differ in their
expression of myosin heavy chain (MHC) isoforms. βMHC is the predominant isoform in
fetal mouse hearts, whereas mainly αMHC is expressed in adults; conversely, the vice versa
is true for humans [8]. Furthermore, mice are resistant to the development of coronary athe‐
rosclerosis even on a high-fat, high-cholesterol diet, because they lack cholesteryl ester trans‐
fer protein (CETP), an enzyme responsible for the transfer of cholesterol from high-density
lipoprotein to low-density lipoprotein [9].

3.2. hESC paradigm

Building on the initial discovery of mESC technologies, increased research focus has been
directed towards developing a human-based stem cell approach in anticipation of creating a
more accurate disease model. It would be another seventeen years before human embryonic
stem cells (hESCs) derived from the inner cell mass of the human blastocyst (stage 4-5 days
post-fertilization) were isolated by Thomson et al. in 1998 [10]. Many factors hindered the
transition from mESC to hESC, such as the limited availability of surplus human embryos,
stringent growth requirements for culturing hESC, and the shroud of ethical controversies.
Generating hESCs require the destruction of the donor embryo that is considered a potential
human life by some ethical and religious groups. The debate revolving around hESC has de‐
terred many researchers, mainly in the United States, from pursuit of this technology. In Au‐
gust of 2001, President Bush became the first President to provide federal funding for
embryonic stem cell research, albeit limited to experimenting with only the 15 existing stem
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cell lines [11]. Nonetheless, this discovery paved the way for modeling diseases directly on a
human-based paradigm.

In a study in 2009, Lu et al. evaluated long-term safety and function of retinal pigment epitheli‐
um (RPE) as preclinical models of macular degeneration using hESCs [10]. When hESC-in‐
duced RPE were subsequently transplanted into mutant mice, they demonstrated long-term
functional rescue, though progressively deteriorating function was noted due to the immuno‐
genic response elicited by the xenografts. The initial data showed promise for future elucidation
of macular degenerative disease pathophysiology. However, there were important obstacles to
widespread clinical translation. First, transplantation of hESC requires immunosuppression,
since the cells are allogeneic. In addition, a well known risk of this technology is the formation of
teratomas, tumor-like formations containing tissues belonging to all three germ layers, if some
undifferentiated pluripotent cells are transplanted [12]. Finally, perhaps the biggest obstacle to
a widespread acceptance of human ESC transplantation is ethical and religious, as derivation of
human ESCs typically involves the consumption of a human embryo.

3.3. hiPSC paradigm

Given these obstacles to a widespread use of the human ESCs, a new stem cell technology, hu‐
man induced pluripotent stem cells (hiPSCs), has rapidly overtaken hESC research. Introduced
in 2006 by Takahashi and Yamanaka, hiPSCs have been hailed as “the molecular equivalent of
the discovery of antibiotics or vaccines in the last century [13].” The technology revolutionized
the stem cell field, and for his achievement, Yamanaka received the 2012 Nobel Prize in Medi‐
cine.” In a span of just six years, the field has rapidly expanded the repertoire of reprogramma‐
ble terminally differentiated tissue into hiPSC (keratinocytes [14, 15], hepatocytes [16], adipose-
derived stem cells [17, 18], neural stem cells [19], astrocytes [20], cord blood [21, 22], amniotic
cells [23], peripheral blood [24, 25], mesenchymal stromal cells [26], oral mucosa fibroblasts [27],
and T-cells [28]). Most recently, the ability to generate hiPSC from Epstein-Barr virus (EBV)-im‐
mortalized B cell lines (lymphoblastoid B-cell lines) provides the opportunity to obtain samples
from disease cohort repositories such as the Coriell Institute for Medical Research or the UK Bio‐
bank [29, 30].

In parallel, tremendous progress has been made towards the directing differentiation of
these hiPSCs into various cell fates (neural progenitors [31], [32] motor neurons [33] [34],
dopaminergic neurons [35], retinal cells [36], hepatocytes [37], blood cells [25, 38], adipo‐
cytes [39], endothelial cells [37, 38], fibroblasts [40, 41], and cardiomyocytes [42]). In theory,
these patient-derived hiPSCs should be capable of differentiating into all of the >210 adult
cell lineages. Nonetheless, our current growing repertoire sets the stage for studying various
disease mechanisms in the laboratory, with the caveat that monogenic diseases such as long-
QT syndrome will be much easier to model than complex diseases like Parkinson’s.

As alluded to above, the somatic cell reprogramming offers several distinct advantages over
embryonic stem cells. In the U.S. particularly, funding may be scarce at times due to the
government’s political stance regarding stem cell research. Importantly, somatic cells can be
obtained from individual patients, enabling the development of truly personalized diagnos‐
tics and therapeutics.

Pluripotent Stem Cells to Model Human Cardiac Diseases
http://dx.doi.org/10.5772/54373

443



as a renewable source of cells for cardiomyocytes. In the following section, we will discuss
the various stem cell platforms (mESC, hESC, & hiPSC) for disease modeling, with specific
focus on cardiovascular diseases (Figure 2).

3.1. mESC paradigm

In 1981, the first pluripotent mouse embryonic stem cells (mESCs) were isolated in vitro by
culturing the inner cell mass of pre-implantation mouse blastocysts [4, 5]. These cells were
capable of self-renewal and pluripotent differentiation into all three germ layers (ectoderm,
mesoderm, and endoderm) [6]. The initial studies demonstrated a proof of concept, showing
the feasibility of isolating pluripotent cells directly from early embryos. The unique capabili‐
ty of culturing pluripotent cells in vitro provided the means for genetic manipulation via se‐
lection or transformation of specific DNA fragments, and importantly to develop genetic
mouse models of human disease. This platform allowed researchers to begin exploring path‐
ways in cardiac development to dissect underlying molecular and cellular mechanisms
causing congenital defects and other abnormalities.

While the general use of mESCs was promising, inherent problems with using animal mod‐
els remained in the context of studying disease pathogenesis and pathophysiology. One of
the crucial points of divergence is the shear difference in size and complexity between hu‐
mans and mice both macroscopically and genomically [7]. Consequently, disease suscepti‐
bility may vary drastically. For instance, a mouse heart is ten thousand times smaller but
beats roughly seven times faster than that of a human. The two organisms also differ in their
expression of myosin heavy chain (MHC) isoforms. βMHC is the predominant isoform in
fetal mouse hearts, whereas mainly αMHC is expressed in adults; conversely, the vice versa
is true for humans [8]. Furthermore, mice are resistant to the development of coronary athe‐
rosclerosis even on a high-fat, high-cholesterol diet, because they lack cholesteryl ester trans‐
fer protein (CETP), an enzyme responsible for the transfer of cholesterol from high-density
lipoprotein to low-density lipoprotein [9].

3.2. hESC paradigm

Building on the initial discovery of mESC technologies, increased research focus has been
directed towards developing a human-based stem cell approach in anticipation of creating a
more accurate disease model. It would be another seventeen years before human embryonic
stem cells (hESCs) derived from the inner cell mass of the human blastocyst (stage 4-5 days
post-fertilization) were isolated by Thomson et al. in 1998 [10]. Many factors hindered the
transition from mESC to hESC, such as the limited availability of surplus human embryos,
stringent growth requirements for culturing hESC, and the shroud of ethical controversies.
Generating hESCs require the destruction of the donor embryo that is considered a potential
human life by some ethical and religious groups. The debate revolving around hESC has de‐
terred many researchers, mainly in the United States, from pursuit of this technology. In Au‐
gust of 2001, President Bush became the first President to provide federal funding for
embryonic stem cell research, albeit limited to experimenting with only the 15 existing stem

Pluripotent Stem Cells442

cell lines [11]. Nonetheless, this discovery paved the way for modeling diseases directly on a
human-based paradigm.

In a study in 2009, Lu et al. evaluated long-term safety and function of retinal pigment epitheli‐
um (RPE) as preclinical models of macular degeneration using hESCs [10]. When hESC-in‐
duced RPE were subsequently transplanted into mutant mice, they demonstrated long-term
functional rescue, though progressively deteriorating function was noted due to the immuno‐
genic response elicited by the xenografts. The initial data showed promise for future elucidation
of macular degenerative disease pathophysiology. However, there were important obstacles to
widespread clinical translation. First, transplantation of hESC requires immunosuppression,
since the cells are allogeneic. In addition, a well known risk of this technology is the formation of
teratomas, tumor-like formations containing tissues belonging to all three germ layers, if some
undifferentiated pluripotent cells are transplanted [12]. Finally, perhaps the biggest obstacle to
a widespread acceptance of human ESC transplantation is ethical and religious, as derivation of
human ESCs typically involves the consumption of a human embryo.

3.3. hiPSC paradigm

Given these obstacles to a widespread use of the human ESCs, a new stem cell technology, hu‐
man induced pluripotent stem cells (hiPSCs), has rapidly overtaken hESC research. Introduced
in 2006 by Takahashi and Yamanaka, hiPSCs have been hailed as “the molecular equivalent of
the discovery of antibiotics or vaccines in the last century [13].” The technology revolutionized
the stem cell field, and for his achievement, Yamanaka received the 2012 Nobel Prize in Medi‐
cine.” In a span of just six years, the field has rapidly expanded the repertoire of reprogramma‐
ble terminally differentiated tissue into hiPSC (keratinocytes [14, 15], hepatocytes [16], adipose-
derived stem cells [17, 18], neural stem cells [19], astrocytes [20], cord blood [21, 22], amniotic
cells [23], peripheral blood [24, 25], mesenchymal stromal cells [26], oral mucosa fibroblasts [27],
and T-cells [28]). Most recently, the ability to generate hiPSC from Epstein-Barr virus (EBV)-im‐
mortalized B cell lines (lymphoblastoid B-cell lines) provides the opportunity to obtain samples
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4. Modeling cardiovascular diseases

While there is a wide array of cardiovascular diseases, we chose to focus on several with well-
defined clinical presentation, strong genetic component, and significant research progress
(Long QT syndrome types 1 and 2, Timothy syndrome, LEOPARD syndrome, & dilated cardio‐
myopathy; see Table 1). As discussed below, the paradigm of using stem cells to model inherit‐
ed  cardiovascular  diseases  is  rapidly  being  established  and  validated.  Moreover,  these
advances with the rare inherited conditions may lead to new paradigms to study the much more
prevalent acquired heart and vascular diseases at the cellular and molecular levels.

Genetic Disorder Mutation Main findings

Long QT syndrome

Type 1

Moretti et al. (2010)

[48]

KCNQ1

R190Q

marked prolonged action potentials; dominant negative trafficking defect

associated with a 70 to 80% reduction in Iks current; altered channel activation

and deactivation properties; increased susceptibility to catecholamine-induced

tachyarrhythmia attenuated by β-blockage

Long QT syndrome

Type 2

Lahti et al. (2012) [83]
KCNH2

R176W

prolonged action potential; reduced Ikr density; more sensitive to potentially

arrhythmogenic drugs; more pronounced inverse correlation between the

beating rate and repolarization time

Itzhaki et al. (2011)

[50]

KCNH2

A614V

significant reduction of potassium current IKr; marked arrhythmogenecity;

evaluated potency of existing & novel pharmacological agents

Matsa et al. (2011) [84]
KCNH2

G1681A

prolonged field/action potential duration; Ikr blocker & isoprenaline induced

arrhythmias presenting as early after depolarizations; attenuated by β-blockers

propranolol & nadolol

Timothy syndrome

Yazawa et al. (2011)

[52]

CACNA1C

G1216A

irregular contraction; excess Ca2+ influx; prolonged action potentials; irregular

electrical activity; abnormal calcium transients in ventricular-like cells; roscovitine

restored electrical and Ca2+ signaling properties

LEOPARD syndrome

Carvajal-Vergara et al.

(2010)

[57]

PTPN11

T468M

hypertrophic cardiomyopathy; higher degree of sarcomeric organization;

preferential localization of NFATC4 in the nucleus

Dilated

cardiomyopathy

Sun et al. (2012) [67]
TNNT2

R173W

altered regulation of Ca2+; decreased contractility; abnormal distribution of

sarcomeric α-actinin; β-drenergic agonist induced cellular stress; β-adrenergic

blockers or overexpression of Serca2a improved function

Table 1. hiPSC studies modeling cardiovascular diseases.
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4.1. Long QT syndrome

Long-QT syndrome (LQTS) is a rare congenital channelopathy disease that is characterized
by an abnormally prolonged ventricular repolarization phase, inherited primarily in an au‐
tosomal dominant manner but sometimes autosomal recessively. It was first described in
1957 in a family with normal parents and two healthy children but also in which three chil‐
dren experienced recurrent syncope and sudden death [43]. Electrocardiography (EKG)
studies showed prolonged QT interval due to increased ventricular action potential, hence
the name of the disease (Figure 3). The prevalence of LQTS in the U.S. is approximately 1 in
7,000 individuals, causing 2,000 to 3,000 sudden deaths annually in children or adolescents
[44]. This abnormality can lead to an increased risk of such reported incidence of sudden
death, usually triggered by the resulting ventricular fibrillation or torsade de pointes (poly‐
morphic ventricular tachycardia). Depending on the specific gene mutation, long-QT syn‐
drome can be classified into 12 genetic subtypes [45]. Together, LQT1, LQT2, and LQT3
genotypes account for 97% of the mutations identified to date [46].
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Figure 3. Long QT Syndrome. a) a visual representation of the cardiac action potential during depolarization and
repolarization of the cell. There are 4 phases of the cycle in which various ion channels open and close, causing the
flux of charged ions (red: into the cell & blue: out of the cell) and reflecting the change in overall action potential. b)
an illustration of a normal surface EKG plot, highlighting the QT interval in particular. In long QT syndrome, a clear
indication is the prolongation of that interval on an EKG.
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Our  current  understanding  of  how  mutations  in  ion  channels  cause  disease  can  only
be  extrapolated  from,  at  best,  mammalian  cell  lines  such  as  immortalized  human  em‐
bryonic  kidney  293  cells  or  Xenopus  oocytes  using  heterologous  expression  systems de‐
signed  with  the  mutant  channel  of  interest  [47].  Commonly  used  mouse  models  are
not  apt  for  studying  LQTS  because  the  IKr  current  is  essentially  absent  in  the  mouse
heart.  With  the  advent  of  patient-derived  iPSC  technology,  cardiac  induction  of  these
cell  lines  may  recapitulate  their  respective  disease  pathophysiology  in  vitro,  providing
a  unique  platform  for  studying  cellular  and  molecular  mechanisms  and  assessing  the
efficacy of  various therapies.

4.1.1. Long QT syndrome type 1

The most common type LQT1, accounting for roughly 45% of genotyped patients, results
from mutations of the alpha subunit of the slow delayed rectifier potassium channel
KvLQT1, encoded by gene KCNQ1 on chromosome 11 [48]. In a recent study aimed at reca‐
pitulating disease phenotype using patient-derived iPSCs, Moretti et al. initially screened a
family affected by LQTS type 1 through genotyping and electrophysiology studies, identify‐
ing an autosomal dominant missense mutation R190Q of KCNQ1 [48]. Then, they reprog‐
rammed skin fibroblast from two affected family members into iPSCs and directed cardiac
induction to yield spontaneously beating cardiomyocytes. Finally, they characterized these
heart cells through whole-cell patch clamp, observing reduced Iks, a slow delayed rectifier
potassium current, by 70-80%, altered Iks activation and deactivation properties, and an ab‐
normal response to catecholamine stimulation.

Not only were Moretti et al. able to capture characteristics of LQTS type 1 in vitro, they were
also able to demonstrate physiologically how beta-blockers, clinically administered as a pro‐
phylactic therapy for asymptomatic LQTS type 1 patients, had protective effects against cat‐
echolamine-induced tachyarrhythmia by reducing early afterdepolarizations [49]. This
ability to mimic LQTS type 1 in an in vitro human model paved way for similar studies in‐
volving other genetic diseases.

4.1.2. Long QT syndrome type 2

Similar to LQTS type 1, LQTS type 2 is another mutation arising from the alpha subunit of a
potassium channel, but one with different properties: a KCNH2 (also known as hERG)-en‐
coded rapid delayed rectifier potassium channel [50]. A diagnostic finding in patients is the
onset of clinical symptoms such as syncope triggered by sudden loud noises [45].

In a study by Itzhaki et al., A614V missense mutation was identified in the KCNH2 gene in a
28 year old patient with clinically diagnosed type 2 LQTS [50]. Dermal fibroblast samples
were obtained, reprogrammed to generate patient-specific human iPSCs, and through retro‐
viral transduction, differentiated into embryoid bodies of spontaneously beating cardiomyo‐
cytes. Through the use of these iPSC-generated heart cells, they were able to conduct
electrophysiology studies and test the effects of pharmacological intervention. Itzhaki et al.
found marked prolonged action potential duration and significantly reduced peak ampli‐
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tudes of IKr activation and tail currents in the cells derived from the LQTS patient compared
to those generated from a healthy individual, both hallmark signatures of LQTS. They also
reported observing early-after depolarizations in 66% of the iPSC-CMs on both cellular and
multicellular levels, a key finding suggestive of arrhythmogenicity that explains sudden
death in LQTS patients clinically. With the amount of clinical evidence extracted from these
patient-derived cardiomocytes, this novel technology can serve as an excellent in vitro dis‐
ease model for understanding cellular & molecular pathogenesis and becomes a very viable
option for personalized medicine in the future.

4.2. Timothy syndrome

In contrast to the previously detailed potassium channel defects that lead to LQTS, Timothy
syndrome is a form of LQTS caused by a missense mutation in the L-type calcium channel
Cav1.2, encoded by the CACNA1C gene. This is the predominant L-type channel in the
mammalian heart, which is essential for normal heart development and excitation-contrac‐
tion coupling [51]. Mutations in this Ca2+ channel cause delayed channel closing and conse‐
quently, increased cellular excitability.

Concurrent  with  Itzhaki  et  al.’s  publication  LQTS  type  2,  Yazawa  et  al.  reported  their
findings on Timothy syndrome using a patient-derived iPSC-CM disease model [52].  To
summarize,  using  a  similar  cardiac  induction  protocol,  they  successfully  reproduced  in
vitro cardiomyocytes exhibiting clinical Timothy syndrome phenotypes. Electrophysiology
and calcium imaging studies showed irregular contraction, excess Ca2+  influx, prolonged
action potentials,  irregular electrical activity, and abnormal calcium transients in ventric‐
ular-like cells.

One of the key findings in their study was the functional difference between Timothy syn‐
drome and LQTS type 1 cardiomyocytes. Unlike the latter where both ventricular- and at‐
rial-like cells had prolonged action potentials, only ventricular Timothy syndrome
cardiomyocytes exhibited this phenotype. Additionally, drug-induced triggering of arrhyth‐
mias and delayed depolarizations in LQTS type 1 cells were not necessary, because they
were observed spontaneously in Timothy syndrome cells. While a direct correlation has yet
to be established to the clinical outcomes (i.e. torsades de points and ventricular fibrillation),
this study is another proof-of-concept that iPSC-CMs are invaluable for examining detailed
pathogenesis of human diseases.

4.3. LEOPARD syndrome

LEOPARD syndrome is an autosomal-dominant developmental disorder with clinical mani‐
festations described by its acronym: lentigines, electrocardiographic abnormalities, ocular
hypertelorism, pulmonary valve stenosis, abnormal genitalia, retardation of growth, and
deafness [53]. It is caused by a mutation in the PTPN11 gene, which impairs the catalytic re‐
gion of the encoded SHP2 phosphatase [54]. Currently, drosophila [55] and zebrafish [56]
models of LEOPARD syndrome have been described in literature, but the molecular basis of
pathogenesis remains to be addressed.
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In 2010, Carvajal-Vergara et al.  successfully demonstrated the use of iPSC technology to
characterize  LEOPARD syndrome in  vitro  [57].  One of  the clinical  hallmarks of  the dis‐
ease  is  hypertrophic  cardiomyopathy.  In  this  study,  iPSC-CMs  derived  from  a  25-year
old  female  patient  with  the  condition  were  compared  to  those  differentiated  a  healthy
brother  as  a  control.  Carvajal-Vergara  et  al.  showed,  by  comparison  to  the  wild-type,
larger  patient-derived  iPSC-CMs  with  a  higher  degree  of  sarcomeric  organization  and
preferential  localization of  NFATC4 (calcineurin-NFAT pathway is  an important  regula‐
tor  of  cardiac hypertrophy [58])  in the nucleus [57].  Using antibody microarrays on pa‐
tient-specific iPSCs, they also noted increased phosphorylation of certain proteins such as
MEK1 leading to perturbations in the RAS-MAPK signaling cascade, which can begin to
provide  some  preliminary  understanding  and  elucidation  of  LEOPARD  syndrome’s
pathogenesis on a molecular level [57].

4.4. Dilated cardiomyopathy

As previously mentioned, cardiovascular disease is the leading cause of morbidity and mor‐
tality worldwide, projected to represent 30% of all deaths in 2015 [59]. In the United States
alone, heart disease accounts for roughly one-third of all deaths [60]. Of those, dilated cardi‐
omyopathy (DCM) is one of the leading causes of heart failure and is associated with sub‐
stantial mortality [61]. It leads to progressive cardiac remodeling, characterized by
ventricular dilatation, hypertrophy, and systolic dysfunction [62]. In an estimated 20% to
48% of cases depending on the study, DCM is identified as a familial disorder with strong
heritability [63]. Mutations in over 30 genes have been shown to be disease causing or dis‐
ease associated [64].

One of the more common genetic defects causing DCM is a mutation in the cardiac troponin
T gene (TNNT2) [65]. Mouse models have already provided invaluable insight to the disease
mechanism. For instance, mice still displayed normal phenotype after knockout of one
TNNT2 allele, because they only lead to a mild deficit in transcript but not protein [66]. Fur‐
thermore, the severity of DCM depends on the ratio of mutant to wild-type TNNT2 tran‐
script, since mutant protein is associated with cardiomyocyte Ca2+ desensitization [66].
However, given the differences in electrophysiological and developmental properties, in vi‐
tro human models of DCM would conceivably provide a more precise platform for under‐
standing molecular basis of pathogenesis.

In Sun et al.’s study published in 2012, they characterized iPSC-CMs from a family carry‐
ing a point  mutation (R173W) in the TNNT2 gene by comparing to healthy individuals
in the same cohort [67].  These patient-specific cardiomyocytes from diseased individuals
exhibited dysregulated calcium handling, decreased contractility, and abnormal heteroge‐
nous distribution of sarcomeric α-actinin. The overexpression of Serca2a, a gene therapy
treatment for heart failure currently in clinical trials [68], significantly improved the con‐
tractility  force  generated  by  iPSC-CMs derived  from DCM patients  [67].  Much like  the
use  of  hiPSC  technology  for  other  cardiovascular  diseases  discussed  previously,  it  ap‐
pears to be a robust system for describing pathogenesis of disease that has yielded pre‐
liminary positive results.
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5. Stem cell disease modeling challenges

In the framework of disease modeling, both hESC and hiPSC technologies still have unre‐
solved issues to address. For instance, hESCs display chromosomal instability with long-
term in vitro culture [69], and iPSCs undergo dynamic changes in copy number variations
during reprogramming, especially in the early passages [70]. In the U.S., research funding
for hESC often fluctuates, subjecting to restrictions imposed by Congress and its current
stance on the destruction of fertilized human embryos. The advantage of hiPSC over hESC is
that it bypasses this controversy and generates autologous cells while maintaining key char‐
acteristics: morphology, feeder dependency, surface markers, gene expression, promoter
methylation status, telomerase activities, in vitro differentiation potential, and in vivo terato‐
ma forming capacity [71]. These features heavily favor hiPSC technology as the predomi‐
nant approach for disease modeling over hESCs.

In the near future, the hiPSC model faces several main challenges. One of the concerns is
developing a robust and efficient methodology for yielding large quantities of differenti‐
ated  and  functional  cells  of  a  designated  lineage.  Depending  on  the  protocol  and  cell
lines  used,  efficiencies  can  range  anywhere  from  <0.0001%  to  >50%.  Specifically  in  the
case  of  cardiac  induction,  the  hiPSC-induced  cardiomyocytes  resemble  immature  fetal
cardiomyocytes in their gene expression profile (key marker is β-tubulin) as well as elec‐
trophysiologic  and  structural  properties  [72].  Resolving  this  hindrance  will  also  have
great  impact  on facilitating in  vivo  studies  and widespread applications in drug discov‐
ery and development.

The practicality of  studying disease pathogenesis in vitro,  especially those with systemic
involvement,  raises  another  question.  This  intrinsic  lack  of  an  in  vivo  environment  pre‐
vents a global understanding of how a disease may impact the body and simplifies inter‐
actions of  basic signaling pathways.  For more complex diseases,  it  may also be difficult
to replicate conditions in a petri dish with a single lineage cell type, even if done via co-
cultures.  Furthermore,  the  current  designation  of  a  control  line  is  arbitrary  since  it  is
mainly a criterion of exclusions. In diseases such as Alzheimer’s or Parkinson’s,  there is
a long latency period, which would be hard to mimic in vitro due to the dynamics of re‐
al-time  disease  progression.  Studies  are  currently  underway  to  assess  the  possibility  of
accelerating disease progression in  vitro  via  exposure to  environmental  factors  contribu‐
ting to the disease such as oxidative stress [73].

Finally, not all diseases can be readily modeled using hiPSCs. For example, patients with
Fanconi anemia have a defective DNA repair mechanism, and therefore cannot be reprog‐
rammed without antecedent gene correction [74]. For other conditions, some may exhibit
low penetrance or do not follow a simple Mendelian form of inheritance and are affected by
a multitude of factors ranging from the environment to epigenetics. The latter in diseased
state may become an inevitable confounding factor working with iPSCs, because of its con‐
tribution to the low efficiency of reprogramming and its stochastic nature. In a study by
Meissner et al., sub-clone lineages transfected with an Oct4-GFP reporter were obtained
from early appearing iPSC colonies and displayed temporally different expression patterns
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tor  of  cardiac hypertrophy [58])  in the nucleus [57].  Using antibody microarrays on pa‐
tient-specific iPSCs, they also noted increased phosphorylation of certain proteins such as
MEK1 leading to perturbations in the RAS-MAPK signaling cascade, which can begin to
provide  some  preliminary  understanding  and  elucidation  of  LEOPARD  syndrome’s
pathogenesis on a molecular level [57].

4.4. Dilated cardiomyopathy

As previously mentioned, cardiovascular disease is the leading cause of morbidity and mor‐
tality worldwide, projected to represent 30% of all deaths in 2015 [59]. In the United States
alone, heart disease accounts for roughly one-third of all deaths [60]. Of those, dilated cardi‐
omyopathy (DCM) is one of the leading causes of heart failure and is associated with sub‐
stantial mortality [61]. It leads to progressive cardiac remodeling, characterized by
ventricular dilatation, hypertrophy, and systolic dysfunction [62]. In an estimated 20% to
48% of cases depending on the study, DCM is identified as a familial disorder with strong
heritability [63]. Mutations in over 30 genes have been shown to be disease causing or dis‐
ease associated [64].

One of the more common genetic defects causing DCM is a mutation in the cardiac troponin
T gene (TNNT2) [65]. Mouse models have already provided invaluable insight to the disease
mechanism. For instance, mice still displayed normal phenotype after knockout of one
TNNT2 allele, because they only lead to a mild deficit in transcript but not protein [66]. Fur‐
thermore, the severity of DCM depends on the ratio of mutant to wild-type TNNT2 tran‐
script, since mutant protein is associated with cardiomyocyte Ca2+ desensitization [66].
However, given the differences in electrophysiological and developmental properties, in vi‐
tro human models of DCM would conceivably provide a more precise platform for under‐
standing molecular basis of pathogenesis.

In Sun et al.’s study published in 2012, they characterized iPSC-CMs from a family carry‐
ing a point  mutation (R173W) in the TNNT2 gene by comparing to healthy individuals
in the same cohort [67].  These patient-specific cardiomyocytes from diseased individuals
exhibited dysregulated calcium handling, decreased contractility, and abnormal heteroge‐
nous distribution of sarcomeric α-actinin. The overexpression of Serca2a, a gene therapy
treatment for heart failure currently in clinical trials [68], significantly improved the con‐
tractility  force  generated  by  iPSC-CMs derived  from DCM patients  [67].  Much like  the
use  of  hiPSC  technology  for  other  cardiovascular  diseases  discussed  previously,  it  ap‐
pears to be a robust system for describing pathogenesis of disease that has yielded pre‐
liminary positive results.
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5. Stem cell disease modeling challenges

In the framework of disease modeling, both hESC and hiPSC technologies still have unre‐
solved issues to address. For instance, hESCs display chromosomal instability with long-
term in vitro culture [69], and iPSCs undergo dynamic changes in copy number variations
during reprogramming, especially in the early passages [70]. In the U.S., research funding
for hESC often fluctuates, subjecting to restrictions imposed by Congress and its current
stance on the destruction of fertilized human embryos. The advantage of hiPSC over hESC is
that it bypasses this controversy and generates autologous cells while maintaining key char‐
acteristics: morphology, feeder dependency, surface markers, gene expression, promoter
methylation status, telomerase activities, in vitro differentiation potential, and in vivo terato‐
ma forming capacity [71]. These features heavily favor hiPSC technology as the predomi‐
nant approach for disease modeling over hESCs.

In the near future, the hiPSC model faces several main challenges. One of the concerns is
developing a robust and efficient methodology for yielding large quantities of differenti‐
ated  and  functional  cells  of  a  designated  lineage.  Depending  on  the  protocol  and  cell
lines  used,  efficiencies  can  range  anywhere  from  <0.0001%  to  >50%.  Specifically  in  the
case  of  cardiac  induction,  the  hiPSC-induced  cardiomyocytes  resemble  immature  fetal
cardiomyocytes in their gene expression profile (key marker is β-tubulin) as well as elec‐
trophysiologic  and  structural  properties  [72].  Resolving  this  hindrance  will  also  have
great  impact  on facilitating in  vivo  studies  and widespread applications in drug discov‐
ery and development.

The practicality of  studying disease pathogenesis in vitro,  especially those with systemic
involvement,  raises  another  question.  This  intrinsic  lack  of  an  in  vivo  environment  pre‐
vents a global understanding of how a disease may impact the body and simplifies inter‐
actions of  basic signaling pathways.  For more complex diseases,  it  may also be difficult
to replicate conditions in a petri dish with a single lineage cell type, even if done via co-
cultures.  Furthermore,  the  current  designation  of  a  control  line  is  arbitrary  since  it  is
mainly a criterion of exclusions. In diseases such as Alzheimer’s or Parkinson’s,  there is
a long latency period, which would be hard to mimic in vitro due to the dynamics of re‐
al-time  disease  progression.  Studies  are  currently  underway  to  assess  the  possibility  of
accelerating disease progression in  vitro  via  exposure to  environmental  factors  contribu‐
ting to the disease such as oxidative stress [73].

Finally, not all diseases can be readily modeled using hiPSCs. For example, patients with
Fanconi anemia have a defective DNA repair mechanism, and therefore cannot be reprog‐
rammed without antecedent gene correction [74]. For other conditions, some may exhibit
low penetrance or do not follow a simple Mendelian form of inheritance and are affected by
a multitude of factors ranging from the environment to epigenetics. The latter in diseased
state may become an inevitable confounding factor working with iPSCs, because of its con‐
tribution to the low efficiency of reprogramming and its stochastic nature. In a study by
Meissner et al., sub-clone lineages transfected with an Oct4-GFP reporter were obtained
from early appearing iPSC colonies and displayed temporally different expression patterns
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of GFP, some never expressing it at all [75]. Because of the sensitivity to epigenetic events,
the use of histone deacetylase (HDAC) inhibitors may help promote self-renewal and/or di‐
rected differentiation of stem cells [76].

6. Future outlook & research direction

The intent of stem cell technology was to recapitulate, as closely as possible, disease pheno‐
type in the human body for three primary outcomes: disease modeling, drug discovery &
development, and regenerative medicine. The first of which will provide the initial platform
from which drugs and therapeutic applications can be derived. In some cases, a treatment
could be discovered before the underlying disease mechanism is understood, because pa‐
tient-derived hiPSCs can be differentiated without any genetic modifications in vitro into the
desired cell type and characterized in drug screenings.

In the context of patient-derived cardiomyocytes, while not a perfect in vivo surrogate, they
will still be one of the better models currently available due to their identical genomes and
phenotype. The complex interactions of normal human physiology is incredibly difficult to
mimic outside the host, let alone recapitulating a diseased phenotype. The mouse model is
currently the most common mammalian system used to study human physiology for several
reasons: 90% genetic homology with comparable genomic sizes, relatively easy mainte‐
nance, rapid cost-effective breeding under laboratory settings, and capability for genetic ma‐
nipulation. It is great for initial studies and insight into basic understanding and elucidation
of the mechanisms underlying the disease.

Building on the gradual advancement from mESC to hESC to the current hiPSC technology,
one of the technical goals remains to be removing all extrinsic factors with the goal of mim‐
icking in vivo conditions. Most established mESC and hESC protocols relied on a fibroblast
feeder-cell layer for culture and proliferation, which secrete undefined substrates into the
medium and cause batch-to-batch variation [77]. Similarly, initial hiPSC protocols used a
mouse embryonic fibroblast (MEF) feeder-cell layer that had similar problems [78]. In 2011,
Yu et al. developed a feeder-free system with chemically defined medium and also replaced
conventional transfection of somatic cells with footprint-less episomal reprogramming using
small molecules to generate hiPSCs [79].

Furthermore, mESC and hESC-directed differentiation formed embryoid bodies (EBs),
which are spheroids with an inner layer of ectoderm and a single outer layer of endoderm.
These EBs differentiate to derivatives of all 3 primary germ layers, leaving a very low yield
of spontaneously contracting cardiomyocytes. While this was sufficient for initial studies,
larger quantities of pure cardiomyocytes are necessary to establish a scalable system for dis‐
ease modeling and drug development. In 2007, Laflamme et al. reported the use of a mono‐
layer cardiac induction system based on activin A and BMP4 with a 30-fold higher yield of
pure cardiomyocytes than through the formation of EBs [80]. Most recently, Lian et al. of the
Wisconsin stem cell group identified temporal modulation of canonical Wnt signaling as a
key step for robust cardiomyocyte differentiation reporting efficient yields of up to 98% [81].
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Further studies are needed to evaluate the optimal cardiac induction protocol. Once a ro‐
bust, universal, and scalable system for directed differentiation of iPSCs into cardiomyo‐
cytes is established, we can provide an inexhaustible supply of patient-derived cells for
research and therapeutic purposes.

6.1. Zinc finger nucleases

With some host-specific  modifications,  currently  available  technologies  such as  zinc  fin‐
ger  nucleases  can  be  applied  as  the  next  step  in  disease  modeling  after  understanding
the pathogenesis,  developing a cure.  Zinc finger nucleases are enzymes that  manipulate
specific sites of the host genome, generating transgenic lines via knocking-in and knock‐
ing-out  of  genes.  The  homologous  recombination  pathway,  naturally  occurring at  DNA
replication  forks  and  repairing  double  stranded  breaks,  can  be  exploited  to  selectively
target a locus for modification while leaving the rest of the genome in tact [82]. Through
this  method,  we have been able  to  identify  new gene function in  mouse and other  ho‐
mologous mammalian models. The same concept can be applied to gene therapy for hu‐
mans.  For  example,  with  patient-specific  cardiomyocytes,  constructs  can be  created and
tested in vitro to restore wild-type function.

6.2. High-throughput screening

High-throughput screening is another means of advancing disease therapy, but it hinges
on its scalability; in other words, whether or not cells of the disease model can be mass-
produced. With current protocols for directed cardiac differentiation, every round of ex‐
periments  would  take  at  least  2  weeks  [81].  If  hiPSC-derived  cardiomyocytes  could  be
consistently  generated  in  96-well  plates,  then  these  high-throughput  screenings  that
could propel translational research from a cellular and molecular level of disease directly
to therapeutic applications.

7. Conclusion

In the new era of personalized medicine, the stem cell platform for disease modeling ap‐
pears very viable, especially given the rapid advancements in the field over the past several
decades. We have thoroughly discussed the advantages and disadvantages of using mESC,
hESC, and hiPSC, all of which have the common end goal of best recapitulating disease phe‐
notype in vitro. Of those, we strongly believe that hiPSC-derived cells can eventually be the
gold standard for personalized medicine. Using a heritable cardiovascular class of diseases
as an example, we endeavored to convey the potential benefits of harnessing iPSC technolo‐
gy to study the pathogenesis of various disorders. One of the most difficult challenges cur‐
rently is establishing a robust, universal, and scalable cardiac induction protocol. Combined
with the genetic tools available, we will be able to break the barriers to disease modeling
with the limitless supply of human cells in vitro.
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1. Introduction

Cardiovascular disease remains the leading cause of death worldwide despite many years of
declining mortality rates in the Western world [1,2]. Myocardial infarction carries a short term
mortality rate of about 7% even with aggressive therapy, and congestive heart failure with
even more distressing 20% one-year mortality [3]. Despite significant advances in therapeutic
modalities and risk-reduction strategies, the substantial burden remains. This continued health
problem has prompted research into new therapeutic strategies including cardiac regenerative
therapy as a new approach for severe cardiac diseases resistant to conventional therapies [4,5].

Acute ischemic injury and chronic cardiomyopathies lead to permanent loss of cardiac tissue,
leading to heart failure. For pathologic situations, cell transplantation is thought to be an ideal
therapeutic method for supplying de novo myocardium [6]. Of the available cell sources for
cardiac cell therapy, stem cells (e.g. pluripotent stem cells, bone-marrow derived stem cells,
skeletal myoblasts and cardiac stem cells) are now being prioritized for basic research and
clinical trials [4,7]. The discoveries of various stem cell populations possessing cardiogenic
potential and the advance of methods to isolate and expand these cells have shaped the notion
of cell-based restorative therapy [8-11]. Despite much knowledge gained through numerous
basic researches, significant challenges for true cardiac regeneration remain, and the field lacks
sufficient results conclusive to support full-scale implementation of such treatments. Further‐
more, results of clinical researches in cardiac stem cell therapy with a relatively small cohort
scale were marginal, thus only showing little clinical advantages so far [12].

Among the stem cell types, pluripotent stem cells (PSCs) [Embryonic stem cells (ESCs) /
induced pluripotent stem cells (iPSCs)] possess great capacity for cardiac regeneration mainly
due to the prominent potential to expand and differentiate into most somatic cell lineages
[13,14]. To date, no human trials using PSCs for cardiac repair have been attempted. Intensive
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translational researches, including the demonstration of effectiveness and safety, are needed
to realize clinical application of PSCs.

Another concern is the actual phenomena which are taking place in the niche of transplanted
site: does cardiac stem cell therapy bring de novo functional myocardium, or some indirect
mechanisms mediate cardiac repair? It is reported that very few of the transplanted tissue stem
cells seem to differentiate into mature cardiovascular cell types, suggesting that transplanted
cells exert indirect paracrine effects by which humoral factors induce or support favorable
processes, including angiogenesis, prevention of apoptosis, and promotion of healing, in the
injured myocardium rather than differentiating into de novo myocardium [4,15]. PSCs might
possess advantages in this context; defined cell populations differentiated from PSCs might
be effective to elucidate underlying paracrine mechanisms in cardiac restoration compared to
bulk cell mixture derived from somatic stem cells with various cell lineages and differentiation
stages [16].

Concerning stem cell transplantation, as well as the transplanted cell type, the method for
transplantation is also important to overcome the poor efficiency of engraftment with needle
injection. A promising approach is the creation of cell sheets that better support effective
engraftment of the transplants. We have shown the effectiveness of temperature-responsive
cell sheet technology in basic studies [16].

In this chapter, we introduce the clarification for the progress and drawbacks of current cardiac
stem cell therapy, and finally indicate the future directions of cardiac cell therapy through our
recent researches combining PSCs and cell sheet technology.

2. Various somatic stem cell populations for cardiac stem cell therapy

To date, various somatic stem cells have been investigated for their feasibility to cardiac
regenerative therapy with many basic studies.

Bone marrow hematopoietic stem cells (or circulating peripheral-blood progenitor cells) are
an abundant and well characterized source of progenitor cells. A number of studies have
shown that direct transplantation of bone marrow-derived cells or mobilization from endog‐
enous reservoirs of the cell population significantly improves cardiac function [17,18].
However, other investigations found limited differentiation of bone marrow cells into
cardiovascular cell types [19]. This suggests that beneficial results were mainly due to indirect
paracrine effects such as neovascularization, independent of direct tissue regeneration.

Mesenchymal stem cells (MSCs) are a subset of stem cells found in the stroma of the bone
marrow, adipose tissue, fetal membrane and many other tissues that can differentiate into
osteoblasts, chondrocytes, and adipocytes [20,21] and also into small numbers of cardiomyo‐
cytes [8]. MSCs are thought to be either less immunogenic than other stem cell populations or
inherently immunomodulatory [22], alleviating the need for immunosuppression prior to
transplantation. Transplantation of MSCs into infarct animal models demonstrated improved
left ventricular function, reduced infarct size, and increased survival rate [8,22,23]. The major
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disadvantage of MSCs for this clinical application is the broad differentiation capacity; MSC
populations remain highly heterogeneous and are less predictable after transplantation. Some
studies have shown that MSCs differentiated into osteoblasts inside ventricular tissue after
transplantation [24].

Endothelial progenitor cells (EPCs) are another promising stem cell subset which accumulate
to vascular injury sites from bone marrow and incorporate into the microvasculature (vascu‐
logenesis) [9]. EPCs can be identified by the ability to acquire the expression of endothelial cell
surface makers, such as cluster of differentiation molecule 133 (CD133), CD34 and so on, both
in vitro and in vivo [25]. The research into their therapeutic use began with attempts to enhance
their mobilization or incorporate EPCs directly into the vasculature of injured sites [26].
Preclinical studies of the injection of EPCs to infarct myocardium improved left ventricular
function [15]. Although EPCs remain promising as a potential therapeutic material, they have
several disadvantages for cell therapy: 1) Their heterogeneity. EPCs circulating in the periph‐
eral blood span the full range of differentiation from angioblasts to mature endothelial cells.
2) Limited stem cell pool. Ex vivo expansion would be the only way to obtain a sufficient
amount of EPCs for the treatment of an ischemic injury [27]. 3) The pool of EPCs is reduced in
patients with common comorbidities of cardiac ischemia (e.g. diabetes mellitus, hypertension,
and hyperlipidemia) [28].

Skeletal myoblasts (SMs) are a stem cell population derived from the satellite cells which exists
beneath the basal membrane of adult skeletal muscle tissue [29]. SMs have been considered as
an attractive source for cardiac restoration because of the small potential for teratoma forma‐
tion, availability for autologous transplantation, resistance to ischemic condition and so on
[10]. Most transplantations in animal disease models improved left ventricular function and
decreased ventricular remodeling [10,30]. There are however, two main limitations; the first
is the arrhythmogenic potential of the engrafted SMs. It is reported that only a fraction of
skeletal myoblasts differentiate into cardiomyocytes after transplantation, and the generated
myotubules may not synchronically work with the native myocardium [31]. A large scale
clinical trial, Myoblast Autologous Grafting in Ischemic Cardiomyopathy (MAGIC) trial,
showed a higher number of arrhythmic events in myoblast-treated patients [32]. The second
limitation is the relatively poor engraftment of the transplanted cells into the host myocardium.
It is reported that less than 10% of transplanted cells could survive within the first few days
after injection in mice [33].

Several populations of cardiac progenitor / stem cells derived from mature cardiac tissue have
been reported, which may hold the natural and endogenous cardiac regenerative mechanisms.
Traditionally, the heart has been considered to be a post-mitotic organ, and withdrawn from
the proliferative cell cycle. However, some contradictory data have reported, as cardiomyocyte
proliferation and cell cycling have been observed under pathological conditions (e.g. hyper‐
tension or myocardial infarction) [34, 35] and even in the healthy heart [36]. These evidences
prompted further research for such resident cardiac cells. The first cell population with stem
cell properties is called the side population (SP) cells. Isolated cardiac SP cells represent cardiac
and vascular progenitor cells and can differentiate into cardiomyocytes, endothelial cells, or
smooth muscle cells [37]. The second progenitor population is the cells expressing the stem
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translational researches, including the demonstration of effectiveness and safety, are needed
to realize clinical application of PSCs.
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beneath the basal membrane of adult skeletal muscle tissue [29]. SMs have been considered as
an attractive source for cardiac restoration because of the small potential for teratoma forma‐
tion, availability for autologous transplantation, resistance to ischemic condition and so on
[10]. Most transplantations in animal disease models improved left ventricular function and
decreased ventricular remodeling [10,30]. There are however, two main limitations; the first
is the arrhythmogenic potential of the engrafted SMs. It is reported that only a fraction of
skeletal myoblasts differentiate into cardiomyocytes after transplantation, and the generated
myotubules may not synchronically work with the native myocardium [31]. A large scale
clinical trial, Myoblast Autologous Grafting in Ischemic Cardiomyopathy (MAGIC) trial,
showed a higher number of arrhythmic events in myoblast-treated patients [32]. The second
limitation is the relatively poor engraftment of the transplanted cells into the host myocardium.
It is reported that less than 10% of transplanted cells could survive within the first few days
after injection in mice [33].

Several populations of cardiac progenitor / stem cells derived from mature cardiac tissue have
been reported, which may hold the natural and endogenous cardiac regenerative mechanisms.
Traditionally, the heart has been considered to be a post-mitotic organ, and withdrawn from
the proliferative cell cycle. However, some contradictory data have reported, as cardiomyocyte
proliferation and cell cycling have been observed under pathological conditions (e.g. hyper‐
tension or myocardial infarction) [34, 35] and even in the healthy heart [36]. These evidences
prompted further research for such resident cardiac cells. The first cell population with stem
cell properties is called the side population (SP) cells. Isolated cardiac SP cells represent cardiac
and vascular progenitor cells and can differentiate into cardiomyocytes, endothelial cells, or
smooth muscle cells [37]. The second progenitor population is the cells expressing the stem
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cell factor receptor c-Kit (also designed as CD117), which are located in small clusters within
the adult cardiac tissue. c-Kit+ cells hold regenerative potential after transplantation and give
rise to cardiomyocytes, endothelial cells, and smooth muscle cells [38]. The third cell type
expresses stem cell antigen 1 (Sca-1). Sca-1+ cells migrate to infarcted myocardium and
differentiate into cardiomyocytes around the injured area [39]. Finally, enzymatic digestion of
heart tissue obtained via endomyocardial biopsy or during cardiac surgery yields cardiac
progenitor cells that form what is called cardiospheres. Cardiosphere derived cells (CDCs) can
also differentiate into cardiomyocytes, endothelial cells, and smooth muscle cells, exhibiting
prominent capacities for proliferation and differentiation [11]. This population can be differ‐
entiated into aggregates of cardiomyocytes that when transplanted into injured myocardium
produced functional improvement in preclinical studies [40]. It is unclear whether the various
cardiac stem cells shown here are different populations, or represent various stages of a single
cell lineage. A major limitation of cardiac progenitor / stem cell populations is that the cardiac
stem cell pool appears to diminish along with age, which may limit the efficacy of regeneration
in elderly people [41]. Considering that it is mostly the elderly who suffer increased mortality
from cardiac ischemia, intensive research aiming to rejuvenate this senescent stem cell
population is required.

Many clinical studies have been conducted using these somatic stem cells so far: TOPCARE-
AMI [42], BOOST [43], REPAIR-AMI [44], LateTime [45] (Bone marrow hematopoietic stem
cells), REGENT [46] (EPCs), MAGIC [32], CAuSMIC [47] (SMs), CADUCEUS [48], SCIPIO [49]
(cardiac progenitor / stem cells) and so on. However, most of these clinical studies have shown
relatively limited clinical benefits in general. These marginal results indicate that more efficient
approaches for stem cell therapy are needed to realize full-scale stem cell-based therapy.

3. Advantages of pluripotent stem cells in cardiac regeneration

Embryonic stem cells (ESCs) are one of the stem cell populations which can be removed from
the inner cell mass of the blastocyst and expanded in vitro with practically no limitations [13].
Yamanaka and colleagues have discovered that reprogramming of adult somatic cells with
transcription factor genes that confer pluripotency generates ESC-like cells, called induced
pluripotent stem cells (iPSCs) [14,50]. Among the stem cell types, these pluripotent stem cells
(PSCs) [ESCs / iPSCs] possess great capacity especially for cardiac regeneration due to several
reasons.

The first reason is that PSCs can be expanded practically indefinitely in vitro remaining
pluripotent in an undifferentiated state in culture, and can give rise to most somatic cell
lineages once allowed to differentiate. In this regard, the regenerative capacity is theoretically
limitless [51]. The merit of PSCs is larger especially for the heart compared to other organs,
such as endocrine or sensory organs, as the heart functions as an assembly of a large number
of cells including cardiomyocytes and other cell types (e.g. vascular cells, cardiac fibroblasts),
and numerous (>108) heart-composing cells might be required to fully compensate for the
damaged human heart [5].
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The second reason is that the capacity for the differentiation towards a desired cell type, such
as cardiomyocytes or other vascular cell types is the highest among various stem cell popula‐
tions known to possess cardiogenic potential. The differentiation of PSCs can be driven
towards cardiomyocytes or others by culture conditions as monolayers or embryoid bodies in
various growth media [52–55]. Previously, we have developed a novel monolayer culture-
based ESC / iPSC differentiation system that recapitulates early cardiovascular developmental
processes using Flk1 (also designed as vascular endothelial cell growth factor [VEGF] recep‐
tor-2)-positive cells as common cardiovascular progenitors. Cardiovascular cell types, namely
cardiomyocytes [53], endothelial cells, and vascular mural cells [52], can be systematically
induced and purified with this system (Figure 1A). In fact, of the various stem cell populations
studied so far, PSCs have demonstrated probably the greatest capacity for cardiac cell
differentiation and long-term cell survival [56].

The third reason is that PSCs might be advantageous for further elucidation of regenerative
mechanisms. In the field of cardiac restoration with stem cell therapy, it has been widely
believed that transplanted cells act as an inducer of indirect paracrine effects such as angio‐
genesis, prevention of apoptosis, and so on rather than regeneration of de novo myocardium
[4,15]. Considering this point, the transplantation of somatic stem cells, which are largely
performed thus far as mentioned above, may raise a question, “which cells are really effec‐
tive?”, because the transplanted cells from somatic stem cells might consist of heterogeneous
cell populations. In this regard, the transplantation of defined cardiovascular cell populations
systematically derived from PSCs might be much more superior to that of somatic stem cell-
derived populations for the sake of the elucidation of regenerative mechanisms (Figure 1B).

The final reason is the discovery of iPSCs. The generation of iPSCs by reprogramming
autologous somatic cells with genes regulating pluripotency may resolve the ethical and
immunogenic issues associated with the use of ESCs. Furthermore, we have reported that
cardiovascular cell types can be differentiated respectively from mouse iPSCs almost identi‐
cally with those from mouse ESCs [57]. This indicates that iPSCs possess almost the same
regenerative capacity as that of ESCs. A potent differentiation protocol based on high-density
monolayer culture and chemically defined factors, and modifications thereof, have been
reported to induce cardiomyocytes from human iPSCs with a robust efficiency of 40–70 % [54,
58]. The application of this method would strongly promote cardiac regeneration using human
iPSCs.

The transplantation of cardiac cells derived from PSCs has been tested in animal studies with
encouraging results [16, 54]. However, no human studies using PSCs for cardiac repair have
been attempted so far. A major concern regarding iPSC transplantation as a treatment modality
is related to the potential tumor formation. The differentiating cells from PSCs contain
derivatives from three germ layers (ectoderm, mesoderm and endoderm), possessing the
capacity to differentiate along any or all of these three lineages. This increases the risk of
teratoma formation at the transplantation site. Although such teratomas are believed to be
largely benign, some teratoma cells have been reported to express markers similar to those
seen in malignant tumors [59]. Recently, protocols for generating human iPSCs without
genomic integration by utilizing episomal vectors [60] or human artificial chromosome vectors
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relatively limited clinical benefits in general. These marginal results indicate that more efficient
approaches for stem cell therapy are needed to realize full-scale stem cell-based therapy.

3. Advantages of pluripotent stem cells in cardiac regeneration

Embryonic stem cells (ESCs) are one of the stem cell populations which can be removed from
the inner cell mass of the blastocyst and expanded in vitro with practically no limitations [13].
Yamanaka and colleagues have discovered that reprogramming of adult somatic cells with
transcription factor genes that confer pluripotency generates ESC-like cells, called induced
pluripotent stem cells (iPSCs) [14,50]. Among the stem cell types, these pluripotent stem cells
(PSCs) [ESCs / iPSCs] possess great capacity especially for cardiac regeneration due to several
reasons.

The first reason is that PSCs can be expanded practically indefinitely in vitro remaining
pluripotent in an undifferentiated state in culture, and can give rise to most somatic cell
lineages once allowed to differentiate. In this regard, the regenerative capacity is theoretically
limitless [51]. The merit of PSCs is larger especially for the heart compared to other organs,
such as endocrine or sensory organs, as the heart functions as an assembly of a large number
of cells including cardiomyocytes and other cell types (e.g. vascular cells, cardiac fibroblasts),
and numerous (>108) heart-composing cells might be required to fully compensate for the
damaged human heart [5].
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based ESC / iPSC differentiation system that recapitulates early cardiovascular developmental
processes using Flk1 (also designed as vascular endothelial cell growth factor [VEGF] recep‐
tor-2)-positive cells as common cardiovascular progenitors. Cardiovascular cell types, namely
cardiomyocytes [53], endothelial cells, and vascular mural cells [52], can be systematically
induced and purified with this system (Figure 1A). In fact, of the various stem cell populations
studied so far, PSCs have demonstrated probably the greatest capacity for cardiac cell
differentiation and long-term cell survival [56].

The third reason is that PSCs might be advantageous for further elucidation of regenerative
mechanisms. In the field of cardiac restoration with stem cell therapy, it has been widely
believed that transplanted cells act as an inducer of indirect paracrine effects such as angio‐
genesis, prevention of apoptosis, and so on rather than regeneration of de novo myocardium
[4,15]. Considering this point, the transplantation of somatic stem cells, which are largely
performed thus far as mentioned above, may raise a question, “which cells are really effec‐
tive?”, because the transplanted cells from somatic stem cells might consist of heterogeneous
cell populations. In this regard, the transplantation of defined cardiovascular cell populations
systematically derived from PSCs might be much more superior to that of somatic stem cell-
derived populations for the sake of the elucidation of regenerative mechanisms (Figure 1B).

The final reason is the discovery of iPSCs. The generation of iPSCs by reprogramming
autologous somatic cells with genes regulating pluripotency may resolve the ethical and
immunogenic issues associated with the use of ESCs. Furthermore, we have reported that
cardiovascular cell types can be differentiated respectively from mouse iPSCs almost identi‐
cally with those from mouse ESCs [57]. This indicates that iPSCs possess almost the same
regenerative capacity as that of ESCs. A potent differentiation protocol based on high-density
monolayer culture and chemically defined factors, and modifications thereof, have been
reported to induce cardiomyocytes from human iPSCs with a robust efficiency of 40–70 % [54,
58]. The application of this method would strongly promote cardiac regeneration using human
iPSCs.

The transplantation of cardiac cells derived from PSCs has been tested in animal studies with
encouraging results [16, 54]. However, no human studies using PSCs for cardiac repair have
been attempted so far. A major concern regarding iPSC transplantation as a treatment modality
is related to the potential tumor formation. The differentiating cells from PSCs contain
derivatives from three germ layers (ectoderm, mesoderm and endoderm), possessing the
capacity to differentiate along any or all of these three lineages. This increases the risk of
teratoma formation at the transplantation site. Although such teratomas are believed to be
largely benign, some teratoma cells have been reported to express markers similar to those
seen in malignant tumors [59]. Recently, protocols for generating human iPSCs without
genomic integration by utilizing episomal vectors [60] or human artificial chromosome vectors
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Figure 1. The advantages of PSCs for cardiac regeneration. (A): The capacity for the differentiation towards a desired
cardiac cell type. The scheme of directed mouse PSC differentiation system from Flk1+ mesoderm cells as a common
progenitor is shown. (B): Effectiveness for further elucidation of regenerative mechanisms. The usage of somatic stem
cells (upper) may lead to the transplantation of heterogeneous derivatives in lineage and differentiation stage. On the
other hand, the usage of directed PSC differentiation system with purifying processes (lower) clarify which cell popula‐
tions are actually transplanted. ES cell, embryonic stem cell; iPS cell, induced pluripotent stem cell.

Pluripotent Stem Cells464

[61] have been reported. These may reduce tumorigenesis due to mutations, which could
otherwise limit the clinical application of iPSCs.

Considering the results of these basic studies, PSCs (especially iPSCs) are currently recognized
to be one of the most promising cell sources for cardiac regeneration. However, further careful
exploration for the feasibility of this new modality will be needed to realize the clinical
application.

4. Cell sheet technology as a novel method for PSC-derived cell
transplantation

In addition to the transplanted cell type, the transplantation method is also important to
overcome poor efficiency of engraftment associated with needle injection. The low level of
grafted cell survival and engraftment diminishes their potential for paracrine effects, besides
regeneration of de novo myocardium, and is a major technical limitation for stem cell therapy
[62]. It is reported that >70% of injected cells die during the first 48 hours after needle injection,
progressively diminishing during the following days possibly due to the hypoxic, inflamma‐
tory, and/or fibrotic environment [63]. Another report shows that only 5.4 to 8.8% of micro‐
spheres remain just after direct injection into the beating myocardium due to massive
mechanical loss [64]. To overcome this problem, a combination of bioengineering techniques
have been developed and investigated for their efficacy, suggesting that these new strategies
may improve the efficiency of stem cell therapies [65].

Initial experiments were performed by combining the cells with injectable biomaterials such
as collagen, fibrin, gelatin or matrigel as a sccafold. In general, early results showed an
increased survival of the transplanted cells, and a greater improvement in cardiac function of
the treated hearts [66]. However, these approaches did not assure complete cell retention or
an adequate distribution of the transplanted cells within the host heart.

The creation of cell sheets without scaffold support would be a more promising approach. The
advantages of this method are as follows: 1) Potent increase of the efficiency of transplantation
compared to that of needle injection. 2) Potential for construction of three-dimentional tissue-
like structure as a graft. 3) Avoidance of inflammatory reactions against the biomaterials
constituting the scaffolds. 4) Larger scalability and accessibility due to two-dimensional cell
culture.

Several methods have been reported for cell sheet formation [67-69]. Among them, we have
utilized temperature-responsive culture surface-based method [16]. This technique was made
possible by using a culture dish covalently grafted with temperature-responsive polymer poly
(N-isopropylacrylamide) (PIPAAm) which enables the generation of cell sheets without
enzymatic digestion, retaining intact extracellular matrices or adhesion molecules [67]. The
benefits of this technique have been demonstrated by many experiments of stem cell therapy
such as the transplantation of monolayer adipose tissue-derived MSCs to the infarcted rat heart
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as collagen, fibrin, gelatin or matrigel as a sccafold. In general, early results showed an
increased survival of the transplanted cells, and a greater improvement in cardiac function of
the treated hearts [66]. However, these approaches did not assure complete cell retention or
an adequate distribution of the transplanted cells within the host heart.

The creation of cell sheets without scaffold support would be a more promising approach. The
advantages of this method are as follows: 1) Potent increase of the efficiency of transplantation
compared to that of needle injection. 2) Potential for construction of three-dimentional tissue-
like structure as a graft. 3) Avoidance of inflammatory reactions against the biomaterials
constituting the scaffolds. 4) Larger scalability and accessibility due to two-dimensional cell
culture.

Several methods have been reported for cell sheet formation [67-69]. Among them, we have
utilized temperature-responsive culture surface-based method [16]. This technique was made
possible by using a culture dish covalently grafted with temperature-responsive polymer poly
(N-isopropylacrylamide) (PIPAAm) which enables the generation of cell sheets without
enzymatic digestion, retaining intact extracellular matrices or adhesion molecules [67]. The
benefits of this technique have been demonstrated by many experiments of stem cell therapy
such as the transplantation of monolayer adipose tissue-derived MSCs to the infarcted rat heart
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Figure 2. The improvement of infarcted heart function after transplantation of cardiac tissue sheets bioengineered
with mouse ES cell-derived defined cardiac cell populations. (A): Cross-sections of the sheet. Upper panel: H&E stain‐
ing showing cell appearance of the sheet. Lower panel: Sirius red staining showing intact extracellular matrix. (B): Im‐
munostaining of sheets for cTnT (red), VE-cadherin (green), and DAPI. (C,D): Echocardiogram (n=9). (C): Representative
M-mode image. Note that infarct anterior wall started to move 2–4 weeks after transplantation (Tx). (D): Fractional
shortening (FS). (E): LV pressure-volume loop study 4 weeks after Tx (n=8). Ees: End-systolic elastance. (F, G): Capillary
formation at Tx-d28. (F): Double staining for vWF (ECs, green) and cTnT (cardiomyocytes [CMs], red) at peri-MI and
central-MI areas. Note that newly formed capillaries are clearly observed in transplantation group (dotted circles). (G):
Quantification of capillary density (capillary number per square millimeter). Peri-MI area (left panel) and central-MI
area (right panel) (15 views each). (H): Triple staining for vWF, cTnT, and species-specific fluorescent in situ hybridiza‐
tion (mouse nuclei, yellow) (Tx-d3). Most of the accumulated vWF-positive cells are negative for mouse nuclear stain‐
ing (arrows). Inset: higher magnification view. **, p <.01; and ***, p <.001 (unpaired t test), †, p <.05 and ‡, p <.01 (vs.
PreTx, paired t test). PreTx; Pretransplantation, Tx2w, Tx4w; 2 and 4 weeks after transplantation, respectively. Scale
bars: 200 μm in (B), 100 μm in (F) and (H) (main panel), 50 μm in (H) (inset). HE, Hematoxylin and Eosin; cTnT, cardiac
troponin-T; DAPI, 4,6-diamidino-2-phenylindole; vWF, von Willebrandfactor.; MI, myocardial infarction. (quote from
ref. 16 with revision)
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Figure 3.  Cell  type-controlled sheet  analyses.  (A):  The Scheme of  cell  sheets  with CMs (C+E+M) or  without  CMs
(E+M).  (B):  ELISA  for  VEGF  secretion  (picogram  per104  cells)  in  culture  supernatants  of  C+E+M  and  E+M  sheets.
(C,D):  Transplantation of sham operation (n=9) versus C+E+M sheets (n=9) versus E+M sheets (n=3) (Tx-d28).  (C):
Capillary density in peri-MI area (capillary number per square millimeter).  (15 views each). (D): Fractional shorten‐
ing (FS) on echocardiogram (fold increase vs.  PreTx).  **,  p <.01, and ***,  p <.001 (unpaired t test).  C:  cardiomyo‐
cytes,  E:  endothelial  cells,  M:  vascular  mural  cells.  N.S.,  not  significant;  VEGF,  vascular  endothelial  cell  growth
factor. (quote from ref. 16 with revision).
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area (right panel) (15 views each). (H): Triple staining for vWF, cTnT, and species-specific fluorescent in situ hybridiza‐
tion (mouse nuclei, yellow) (Tx-d3). Most of the accumulated vWF-positive cells are negative for mouse nuclear stain‐
ing (arrows). Inset: higher magnification view. **, p <.01; and ***, p <.001 (unpaired t test), †, p <.05 and ‡, p <.01 (vs.
PreTx, paired t test). PreTx; Pretransplantation, Tx2w, Tx4w; 2 and 4 weeks after transplantation, respectively. Scale
bars: 200 μm in (B), 100 μm in (F) and (H) (main panel), 50 μm in (H) (inset). HE, Hematoxylin and Eosin; cTnT, cardiac
troponin-T; DAPI, 4,6-diamidino-2-phenylindole; vWF, von Willebrandfactor.; MI, myocardial infarction. (quote from
ref. 16 with revision)
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Figure 3.  Cell  type-controlled sheet  analyses.  (A):  The Scheme of  cell  sheets  with CMs (C+E+M) or  without  CMs
(E+M).  (B):  ELISA  for  VEGF  secretion  (picogram  per104  cells)  in  culture  supernatants  of  C+E+M  and  E+M  sheets.
(C,D):  Transplantation of sham operation (n=9) versus C+E+M sheets (n=9) versus E+M sheets (n=3) (Tx-d28).  (C):
Capillary density in peri-MI area (capillary number per square millimeter).  (15 views each). (D): Fractional shorten‐
ing (FS) on echocardiogram (fold increase vs.  PreTx).  **,  p <.01, and ***,  p <.001 (unpaired t test).  C:  cardiomyo‐
cytes,  E:  endothelial  cells,  M:  vascular  mural  cells.  N.S.,  not  significant;  VEGF,  vascular  endothelial  cell  growth
factor. (quote from ref. 16 with revision).
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[23]. Recently, we have reported transplantation of a three-layered cardiac tissue sheet
bioengineered with mouse ESC-derived defined cardiac cell populations in the infarcted heart
(Figure 2) [16]. In both cases, increased tissue neovascularization together with a prominent
attenuation of cardiac remodeling responsible for the improvement in cardiac function were
demonstrated. Furthermore, our research indicated the potential for cell sheet-based prospec‐
tive elucidation of the cellular mechanisms of cardiac restoration. The combinations of cell
populations composing the transplanted cell sheets enabled us to elucidate the contributions
of each cell type (for example, the comparison of cell sheets with or without cardiomyocytes
is useful for the elucidation of the cellular function of cardiomyocytes). This cell-type control‐
led analysis led us to identify one of the important cellular mechanisms of cardiac restoration
following cell therapy, that is, cardiomyocytes are essential for the functional improvement of
ischemic heart through neovascularization (Figure 3). These results show that the tissue-like
cell sheet system is advantageous for the elucidation of cardiac regenerative mechanism, as
well as for therapeutic purposes.

5. Future directions

One future direction of this PSC-derived cell sheet technology is its utilization as a novel
experimental tool for elucidation of regenerative mechanisms. Although the present results of
clinical trials using stem cell therapy are marginal, further elucidation of the actual mechanisms
of cardiac repair following cell therapy would enhance the potential of stem cell therapy to be
a full-scale therapy. It would be a breakthrough for further improvement of cardiac cell therapy
to understand the role of each cell population as well as the various cellular interactions in the
chaos of heterogeneity.

Another direction is a more efficient survival of transplanted sheets to realize regeneration of
functioning de novo myocardium. Considering that more cells that survived were observed in
peri-infarction than central infarction region in our study [16], it would be possible that the
severe ischemic condition may not be suitable for sheet survival. Novel techniques increasing
blood supply in the graft should be applied, such as prevascularization in 3-dimensional tissue
formation [70,71] or vascularized flap grafts.

6. Conclusion

In this chapter, we have reviewed the status quo of current cardiac stem cell therapy, and
shown the promising potential of PSC-derived cardiac tissue-like sheets. The knowledge
yielded from this cell sheet-based study would provide a hallmark for cell therapy with PSCs
and a strategic principle for future cardiac restoration therapy.
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1. Introduction

Modeling of human neurodegenerative diseases in animals has led to important advances in
the understanding of pathogenic mechanisms and has opened avenues for curative ap‐
proaches. However, inherent genetic, developmental and anatomical species differences
between humans and animals frequently resulted in imperfect phenotypic correlations
between animal models and human diseases. This might account for the observed hampered
translation of promising preclinical treatment studies in animal models towards clinics.

Pluripotent stem (PS) cells hold considerable promise as a novel tool for modeling human
diseases. Human PS cells include human embryonic stem (hES) cells and induced PS (IPS)
cells. IPS cells are generated via reprogramming of somatic cells through the forced expression
of key transcription factors and share salient characteristics of ES cells, which are derived from
the preimplantation blastocyst.

Both types of PS cells show the capacity to self-renew and to differentiate in vitro and in vivo
into the cell types that make up the human body. This includes the various types of mature
neurons affected by neurodegenerative diseases. The combination of the key advantages of PS
cells allows for the first time to generate large numbers of postmitotic human neurons for
preclinical research in cell culture. In particular, the IPS cell technology opens doors for
intensified research on human PS-derived neurons because, in comparison to hES cells, ethical
concerns can be dispelled. Furthermore, the isolation of patient-derived IPS cell lines from skin
biopsies enables the study of pathogenic mechanisms in human cells carrying relevant
pathogenic allelic constellations.

During recent years the generation of IPS cell lines from human material has become routine.
However, for neurological research a remaining major challenge is to guide in vitro differen‐
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of key transcription factors and share salient characteristics of ES cells, which are derived from
the preimplantation blastocyst.

Both types of PS cells show the capacity to self-renew and to differentiate in vitro and in vivo
into the cell types that make up the human body. This includes the various types of mature
neurons affected by neurodegenerative diseases. The combination of the key advantages of PS
cells allows for the first time to generate large numbers of postmitotic human neurons for
preclinical research in cell culture. In particular, the IPS cell technology opens doors for
intensified research on human PS-derived neurons because, in comparison to hES cells, ethical
concerns can be dispelled. Furthermore, the isolation of patient-derived IPS cell lines from skin
biopsies enables the study of pathogenic mechanisms in human cells carrying relevant
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During recent years the generation of IPS cell lines from human material has become routine.
However, for neurological research a remaining major challenge is to guide in vitro differen‐
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tiation of IPS cells into defined and homogeneous neuronal populations that are required for
modeling neurodegenerative diseases. A hallmark of human neurodegenerative diseases is
the chronic and progressive loss of specific types of neurons: cerebral cortex glutamatergic and
basal forebrain cholinergic neurons in Alzheimer’s disease, midbrain dopaminergic neurons
in Parkinson's disease, striatal GABAergic neurons in Huntington’s disease, motor neurons in
amyotrophic lateral sclerosis and spinal muscular atrophy, cerebellar and peripheral sensory
neurons in ataxias and others. To fully tap into the potential of the IPS technology and to
progress towards a fundamental understanding of the causes of disease selectivity in the loss
of neuron subtypes it will be necessary to establish reproducible and tailored protocols for
differentiation of IPS cells specifically into these neuronal subtypes in vitro.

To date, reprogramming of patient somatic cells into IPS cell-based models has been achieved
for several neurodegenerative diseases. The results show that IPS cells or their derivatives can
display at least some of the cellular and/or molecular characteristics of the respective diseases.
These findings provide first proof for etiological validity of these models. Here, we review the
existing reports demonstrating the generation of human PS cell-based models for neurodege‐
nerative diseases, including also the studies showing the differentiation of human PS cells,
both ES and IPS cells, toward telencephalic neurons (glutamatergic, GABAergic and choliner‐
gic), midbrain dopaminergic neurons, cerebellar neurons, spinal motor neurons and periph‐
eral neurons. We further discuss the perspectives of these cellular models.

2. Generation of human IPS cells

It was in 2006 when the first IPS cells were generated by Takahashi and Yamanaka via
reprogramming of mouse somatic fibroblasts through retroviral transduction with a specific
set of factors [1]. A screen of pluripotency-associated genes yielded a successful combination
of transcription factors, comprising Oct4, Sox2, Klf4 and c-Myc (OSKM), which are commonly
referred to as the ‘Yamanaka factors’. Shortly afterwards, the same group [2], concurrently
with other groups that used different combinations of transcription factors, for example
substituting c-Myc and Klf4 by Lin28 or Nanog [3-5], were able to demonstrate that also
fibroblasts obtained from adult human beings can be induced to undergo the transformation
into PS cells.

Since these first descriptions of IPS cell derivation significant improvements in efficiency of
the protocols, in the quality of the resulting IPS lines and in the depth of their analysis have
been achieved. So far, fibroblasts remain the most popular donor cell type, and were used in
more than 80% of all published reprogramming experiments. Figure 1 illustrates the steps in
generating human IPS cell from skin fibroblasts, as well as cell morphology transition in
culture.

However, other cell sources for inducing pluripotency have been used, amongst them
keratinocytes [6], cord blood cells [7] and mesenchymal stem cells [8] with sometimes higher
efficiency compared to fibroblasts. Furthermore, different combinations of reprogramming
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factors have been developed, ranging in number between two to six [3;4;9]. Each of these
reprogramming factors contributes to the kinetics and efficiency of IPS induction.

Genetic material coding for these reprogramming factors has been introduced into cells via a
variety of methods, comprising genome integrating as well as non-integrating techniques [10].
The most commonly used method for factor delivery is the transduction using retroviruses,
originally with Moloney murine leukemia virus (MMLV), vectors, later on with modified
lentiviral vectors. The efficiency of IPS cell generation using sets of four MMLV-derived
retroviruses expressing single genes from the OSKM set separately is ~0.01% in human
fibroblasts.

Silencing of the permanently integrated transgenes is important because only an IPS cell that
has up regulated the endogenous pluripotency gene network but down regulated the expres‐
sion of the transgenes can be considered fully reprogrammed [11]. Although the use of
retroviruses is efficient and yields reproducible results, random insertional mutagenesis,
permanent alteration of gene expression as well as reactivation of silenced transgenes during
differentiation cannot be excluded. The use of Cre-deletable or dox-inducible lentiviruses has
overcome some of these problems and allows factor expression in a more controlled manner
[12;13]. Other attempts to generate integration-free IPS cells focused on replication-defective
adenoviral vectors, or Sendai viral vectors [14;15] which efficiently deliver foreign genes into
a multitude of cell types.

To avoid the use of viral vectors, direct delivery of episomal vectors (plasmids) as well as
standard DNA transfections using liposomes or electroporation have also been used, but with
low transfection efficiency [16-18]. A polycistronic expression cassette flanked by loxP sites
enabled the excision of the reprogramming cassette after expressing Cre recombinase also in
the non-viral system [19].

Alternatively, Warren et al. [20] developed a novel mRNAs-based system and achieved an
efficient conversion of different human somatic donor cells into IPS cells using a direct delivery
of high dosages of modified mRNAs encoding OSKM and Lin28 packaged in a cationic vehicle.
The efficiency reached with this approach was much higher when compared with other non-
integrative protocols [20].

Recently, a potential role of specific microRNAs (miRNAs) for pluripotency has been eluci‐
dated. The miRNAs from the miR-302 cluster contribute to unique ES cells features such as
cell cycle and pluripotency maintenance [21;22]. Based on these findings protocols for highly
efficient miRNA-mediated reprogramming of mouse and human somatic cells to pluripotency
were reported [23;24]. The resulting miR-IPS cells are subject to a reduced risk of mutations3
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Figure 1. Generation of human IPS cells from a skin biopsy.
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tiation of IPS cells into defined and homogeneous neuronal populations that are required for
modeling neurodegenerative diseases. A hallmark of human neurodegenerative diseases is
the chronic and progressive loss of specific types of neurons: cerebral cortex glutamatergic and
basal forebrain cholinergic neurons in Alzheimer’s disease, midbrain dopaminergic neurons
in Parkinson's disease, striatal GABAergic neurons in Huntington’s disease, motor neurons in
amyotrophic lateral sclerosis and spinal muscular atrophy, cerebellar and peripheral sensory
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eral neurons. We further discuss the perspectives of these cellular models.
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of transcription factors, comprising Oct4, Sox2, Klf4 and c-Myc (OSKM), which are commonly
referred to as the ‘Yamanaka factors’. Shortly afterwards, the same group [2], concurrently
with other groups that used different combinations of transcription factors, for example
substituting c-Myc and Klf4 by Lin28 or Nanog [3-5], were able to demonstrate that also
fibroblasts obtained from adult human beings can be induced to undergo the transformation
into PS cells.

Since these first descriptions of IPS cell derivation significant improvements in efficiency of
the protocols, in the quality of the resulting IPS lines and in the depth of their analysis have
been achieved. So far, fibroblasts remain the most popular donor cell type, and were used in
more than 80% of all published reprogramming experiments. Figure 1 illustrates the steps in
generating human IPS cell from skin fibroblasts, as well as cell morphology transition in
culture.

However, other cell sources for inducing pluripotency have been used, amongst them
keratinocytes [6], cord blood cells [7] and mesenchymal stem cells [8] with sometimes higher
efficiency compared to fibroblasts. Furthermore, different combinations of reprogramming
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factors have been developed, ranging in number between two to six [3;4;9]. Each of these
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Genetic material coding for these reprogramming factors has been introduced into cells via a
variety of methods, comprising genome integrating as well as non-integrating techniques [10].
The most commonly used method for factor delivery is the transduction using retroviruses,
originally with Moloney murine leukemia virus (MMLV), vectors, later on with modified
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retroviruses expressing single genes from the OSKM set separately is ~0.01% in human
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Silencing of the permanently integrated transgenes is important because only an IPS cell that
has up regulated the endogenous pluripotency gene network but down regulated the expres‐
sion of the transgenes can be considered fully reprogrammed [11]. Although the use of
retroviruses is efficient and yields reproducible results, random insertional mutagenesis,
permanent alteration of gene expression as well as reactivation of silenced transgenes during
differentiation cannot be excluded. The use of Cre-deletable or dox-inducible lentiviruses has
overcome some of these problems and allows factor expression in a more controlled manner
[12;13]. Other attempts to generate integration-free IPS cells focused on replication-defective
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a multitude of cell types.

To avoid the use of viral vectors, direct delivery of episomal vectors (plasmids) as well as
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The efficiency reached with this approach was much higher when compared with other non-
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dated. The miRNAs from the miR-302 cluster contribute to unique ES cells features such as
cell cycle and pluripotency maintenance [21;22]. Based on these findings protocols for highly
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were reported [23;24]. The resulting miR-IPS cells are subject to a reduced risk of mutations3

 

Skin biopsie 

Fibroblasts  Skin biopsy IPS cells

Reprogramming factors 

Figure 1. Generation of human IPS cells from a skin biopsy.

Human Pluripotent Stem Cells Modeling Neurodegenerative Diseases
http://dx.doi.org/10.5772/55772

479



and tumorigenesis relative to most other protocols because mature miRNAs function without
genomic integration [23;24].

Finally, another promising possibility of inducing pluripotency is to deliver the reprogram‐
ming factors directly as proteins. To this end Zhou et al. generated recombinant OSKM proteins
fused with a poly-arginine transduction domain [25]. However, this protein-based strategy
induced pluripotency with extremely slow kinetics and poor efficiencies [25].

Apart from the delivery methods of reprogramming factors, other parameters, including
culture conditions and the application of small pharmacological compounds, exert an influ‐
ence on reprogramming efficiency. For example, it has been demonstrated that culturing IPS
cells under hypoxic conditions mimicking the in vivo environment, enhances the efficiency rate
[26]. The addition of small molecules, that either modifies epigenetic states like DNA methyl‐
ation or histone acetylation, or influences specific receptor mediated signaling pathways,
enhances the generation of IPS cells [27-31].

Eventually, the reactivation of endogenous pluripotency genes leads to establishment of cell
lines with pluripotent characteristics. However, even though IPS lines share many character‐
istics with hES cells with regard to morphology and pluripotent gene expression, further
research is required to establish more precisely communalities and differences between hES
and IPS cells. Differences in epigenetic status and in vitro and in vivo differentiation potential
have been reported [32-34].

3. Neuronal differentiation of human PS cells

The in vitro production of neurons from PS cells, following similar mechanism as in vivo
development, involves several sequential steps precisely orchestrated by signaling events
(reviewed in [35;36]).

In vivo, during embryonic development, the initial step is neural induction, the specification
of neuroepithelia from ectoderm cells [37]. When the neuroectodermal fate is determined, the
neural plate folds to form the neural tube, from which cells differentiate into various neurons
and glia [38;39]. The neural tube is patterned along its anteroposterior (A/P) and dorsoventral
(D/V) axes to establish a set of positional cues. The neural plate acquires an anterior character,
and is subsequently posteriorized by exposure to Wingless/Int proteins (Wnt), fibroblast
growth factors (FGF), bone morphogenic proteins (BMP) and retinoic acid (RA) signals to
establish the main subdivisions of the central nervous system (CNS): forebrain, midbrain,
hindbrain, and spinal cord, as well as the neural crest from which the peripheral neurons derive
[40-42]. Therefore, the precursor cells in each subdivision along the A/P axis are fated to
subtypes of neurons and glia depending on its exposure to unique sets of morphogens at
specific concentrations (Figure 2).

As reviewed in Petros et al. [35], specific PS cell-bases protocols, following the principles of
nervous system development, can generate neuronal types with markers consistent with
telencephalic, midbrain, hindbrain spinal cord and peripheral neurons (Table 1).
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Differentiated neural

subtype

PS cell type Key patterning

differentiation factors

References

General telencephalic

neurons

mES cells DKK, LeftyA, Wnt3a, Shh Watanabe et al. (2005)[43],

Li et al. (2009)[44]

Cortical pyramidal neurons mES cells

hES cells

Cyclopamine, Fgf2, RA Eiraku et al. (2008)[45],

Gaspard et al. (2008)[46],

Gaspard et al. (2009)[47],

Ideguchi et al. (2010)[48],

Nat et al 2012[36]

Cortical interneurons mES cells

hES cells

Shh, Fgf2, IGF, Activin Maroof et al. (2010)[49],

Danjo et al. (2011)[50],

Goulburn et al. (2011, 2012)

[51;52], Cambray et al.

(2012)[53], Nat et al

2012[36]

Basal forebrain cholinergic

neurons

hES cells RA, bFGF, FGF8, Shh, BMP9 Wicklund et al (2010)[54],

Bissonnette et al. (2011)[55]

Striatal medium spiny

neurons

mES cells, hES cells Shh, BDNF, DKK1, cAMP,

valproic acid

Aubry et al. (2008)[56],

Zhang et al. (2010)[57],

Danjo et al. (2011)[50]

Floor plate cells hES cells Shh, dual SMAD inhibition Fasano et al. (2010)[58]

Midbrain dopaminergic

neurons

mES cells

hES cells, hIPS cells

Shh, AA, FGF8, bFGF Kawasaki et al. (2000)[59],

Lee et al. (2000)[60], Perrier

et al. (2004)[61], Yan et al.

(2005)[62], Chambers et al.

(2009)[63], Sánchez-Danés et

al. (2012)[64]

Neural Induction Neural Patterning and Specification

Figure 2. Stem cell fates aligned to nervous system development
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Finally, another promising possibility of inducing pluripotency is to deliver the reprogram‐
ming factors directly as proteins. To this end Zhou et al. generated recombinant OSKM proteins
fused with a poly-arginine transduction domain [25]. However, this protein-based strategy
induced pluripotency with extremely slow kinetics and poor efficiencies [25].

Apart from the delivery methods of reprogramming factors, other parameters, including
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lines with pluripotent characteristics. However, even though IPS lines share many character‐
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and IPS cells. Differences in epigenetic status and in vitro and in vivo differentiation potential
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neural plate folds to form the neural tube, from which cells differentiate into various neurons
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[40-42]. Therefore, the precursor cells in each subdivision along the A/P axis are fated to
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Differentiated neural

subtype

PS cell type Key patterning

differentiation factors

References

Cerebellar granule cells mES cells, hES cells Wnt1, Fgf8, RA, BMP 6/7,

GDF7, Shh, JAG1

Salero and Hatten (2007)

[65], Erceg et al. (2010)[66]

Cerebellar Purkinje cells mES cells BMP4, Fgf8 Su et al. (2006)[67], Tao et al.

(2010)[68]

Spinal cord motor neurons mES cells,

hES cells, IPS cells,

hMS cells, hADS cells

Shh, RA, SB431542, Olig2,

HB9

Wichterle et al. (2002)[69], Li

et al. (2005)[70],

Soundararajan et al. (2006)

[71], Lee et al. (2007)[72],

Dimos et al. (2008)[73], Peljto

et al. (2010)[74], Patani et al.

(2011)[75], Park et al. (2012)

[76], Liqing et al. (2011)[77]

Spinal cord interneurons mES cells Wnt3A, Shh, RA, BMP2 Murashov et al. (2005)[78]

Neural crest hES cells, hIPS cells SB431542, noggin, BDNF,

NGF, AA, dbcAMP

Lee et al. (2010)[79],

Menendez et al. (2011)[80],

Goldstein et al. (2010)[81]

Table 1. Neural cell types derived from PS cells to date (modified from Petros et al. 2011[35])

Recognizing that all resulting cell populations, although enriched in specific neurons, remain
heterogeneous, there is a need for additional selection methods to further purify neuronal sub-
type lineages. Whilst a key aim of positionally specifying human neurons is to work towards
the generation of cell-based therapies for diseases that target a sub-population of cells, this
system will be particularly powerful in attempting to understand disease specificity when
applied to patient-derived IPS cells.

4. Neurodegenerative diseases and related models

Neurodegenerative diseases are characterized by the chronic and progressive loss of neuronal
functions in selected neurons. Classical neurodegenerative diseases are Alzheimer’s disease,
Parkinson's disease, Huntington’s disease, amyotrophic lateral sclerosis, spinal muscular
atrophy and ataxias. Other rare diseases such as familial dysautonomia and Fragile-X syn‐
drome contain neurodegenerative aspects as well.

Here we aim to present the main characteristics of these diseases, focusing on their pathogen‐
esis and its reflection into the disease models, including the recent cellular models derived via
IPS cell technology. The most important publications and aspects regarding the IPS cell-related
models for neurological diseases are reviewed in Han et al. 2011[82] and updated for the
neurodegenerative diseases in Table 2.
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Neurodegenerative

disease

Types of

affected

neurons

Histopathology Gene

(Mutation)

Donor

cell

Reprogramming

method

Reported disease-

related

phenotype

References

Alzheimer’s disease Basal forebrain

cholinergic

neurons,

cortical

neurons

Neurofibrillary

tangles, Amyloid

plaque,

Loss of neurons

and synapses

PS1, PS2

mutations;

Sporadic

and APP

duplication

SF LV: OSKLN

RV:OSKM

Increased amyloid

β42 secretion

increased β(1-40)

and phospho-τ

levels

Yagi et al.

(2011)[83],

Israel et al.

(2012)[84]

Parkinson’s disease Midbrain

nigro-striatal

dopaminergic

neurons

Lewy-bodies, loss

of dopaminergic

neurons

idiopathic SF LV: Cre-excisable,

DOX-inducible;

OSK or OSKM

NA Soldner et al.

(2009)[12],

Hargus et al.

(2010)[85]

LRRK2

(G2019S)

SF RV: OSK Increased

caspase-3

activation and DA

neuron death with

various cell stress

conditions

Nguyen et al.

(2011)[86]

PINK1

(Q456X;

V170G)

SF RV: OSKM Impaired stress-

induced

mitochondrial

translocation of

Parkin in DA

neurons

Seibler et al.

(2011)[87]

SCNA

triplication

SF RV: OSKM Increased neural α-

Synuclein protein

levels

sensitivity to

oxidative stress

Devine et al.

(2011)[88],

Byers et al.

(2011)[89]

Huntington’s disease Striatal

GABAergic

medium spiny

neurons,

cortical

neurons

Neural inclusion

bodies, loss of

striatal/cortical

neurons

HTT (CAG

repeats)

SF RV: OSKM Increase in

lysosomal activity

Park et al.

(2008)[4],

Camnasio et

al. (2012)[90]

Amyotrophic lateral

sclerosis

Upper and

lower motor

neurons

Ubiquitinated

inclusion bodies,

loss of

motoneurons

SOD1 SF RV: OSKM, OSK NA Dimos et al.

(2008)[73],

Boulting et al.

(2011)[33]

Spinal muscular

atrophy, type I

Spinal motor

neurons

Loss of anterior

horn cells

SMN1

deletion

SF RV: OSNL

Episomal plasmid

OSKMNL

combinations

Reduced number

of motor neurons,

decreased soma

size, synaptic

defects

Ebert et al.

(2009)[91]

Sareen et al.

(2012)[92]

Friedrich Ataxia Dorsal root

ganglia (DRG)

peripheral

Reduced size of

DRG-neurons,

iron

FXN (GAA

expansion)

SF RV: OSKM GAA repeat

instability

Ku et al.

(2010)[93], Liu
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differentiation factors
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Goldstein et al. (2010)[81]

Table 1. Neural cell types derived from PS cells to date (modified from Petros et al. 2011[35])

Recognizing that all resulting cell populations, although enriched in specific neurons, remain
heterogeneous, there is a need for additional selection methods to further purify neuronal sub-
type lineages. Whilst a key aim of positionally specifying human neurons is to work towards
the generation of cell-based therapies for diseases that target a sub-population of cells, this
system will be particularly powerful in attempting to understand disease specificity when
applied to patient-derived IPS cells.

4. Neurodegenerative diseases and related models

Neurodegenerative diseases are characterized by the chronic and progressive loss of neuronal
functions in selected neurons. Classical neurodegenerative diseases are Alzheimer’s disease,
Parkinson's disease, Huntington’s disease, amyotrophic lateral sclerosis, spinal muscular
atrophy and ataxias. Other rare diseases such as familial dysautonomia and Fragile-X syn‐
drome contain neurodegenerative aspects as well.

Here we aim to present the main characteristics of these diseases, focusing on their pathogen‐
esis and its reflection into the disease models, including the recent cellular models derived via
IPS cell technology. The most important publications and aspects regarding the IPS cell-related
models for neurological diseases are reviewed in Han et al. 2011[82] and updated for the
neurodegenerative diseases in Table 2.
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Neurodegenerative

disease

Types of

affected

neurons

Histopathology Gene

(Mutation)

Donor

cell

Reprogramming

method

Reported disease-

related

phenotype

References

Alzheimer’s disease Basal forebrain

cholinergic

neurons,

cortical

neurons

Neurofibrillary

tangles, Amyloid

plaque,

Loss of neurons

and synapses

PS1, PS2

mutations;

Sporadic

and APP

duplication

SF LV: OSKLN

RV:OSKM

Increased amyloid

β42 secretion

increased β(1-40)

and phospho-τ

levels

Yagi et al.

(2011)[83],

Israel et al.

(2012)[84]

Parkinson’s disease Midbrain

nigro-striatal

dopaminergic

neurons

Lewy-bodies, loss

of dopaminergic

neurons

idiopathic SF LV: Cre-excisable,

DOX-inducible;

OSK or OSKM

NA Soldner et al.

(2009)[12],

Hargus et al.

(2010)[85]

LRRK2

(G2019S)

SF RV: OSK Increased

caspase-3

activation and DA

neuron death with

various cell stress

conditions

Nguyen et al.

(2011)[86]

PINK1

(Q456X;

V170G)

SF RV: OSKM Impaired stress-

induced

mitochondrial

translocation of

Parkin in DA

neurons

Seibler et al.

(2011)[87]

SCNA

triplication

SF RV: OSKM Increased neural α-

Synuclein protein

levels

sensitivity to

oxidative stress

Devine et al.

(2011)[88],

Byers et al.

(2011)[89]

Huntington’s disease Striatal

GABAergic

medium spiny

neurons,

cortical

neurons

Neural inclusion

bodies, loss of

striatal/cortical

neurons

HTT (CAG

repeats)

SF RV: OSKM Increase in

lysosomal activity

Park et al.

(2008)[4],

Camnasio et

al. (2012)[90]

Amyotrophic lateral

sclerosis

Upper and

lower motor

neurons

Ubiquitinated

inclusion bodies,

loss of

motoneurons

SOD1 SF RV: OSKM, OSK NA Dimos et al.

(2008)[73],

Boulting et al.

(2011)[33]

Spinal muscular

atrophy, type I

Spinal motor

neurons

Loss of anterior

horn cells

SMN1

deletion

SF RV: OSNL

Episomal plasmid

OSKMNL

combinations

Reduced number

of motor neurons,

decreased soma

size, synaptic

defects

Ebert et al.

(2009)[91]

Sareen et al.

(2012)[92]

Friedrich Ataxia Dorsal root

ganglia (DRG)

peripheral

Reduced size of

DRG-neurons,

iron

FXN (GAA

expansion)

SF RV: OSKM GAA repeat

instability

Ku et al.

(2010)[93], Liu
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Neurodegenerative

disease

Types of

affected

neurons

Histopathology Gene

(Mutation)

Donor

cell

Reprogramming

method

Reported disease-

related

phenotype

References

neurons,

cerebellar

neurons

misdistribution,

decreased

myelination

et al. (2010)

[94]

Spinocerebellar Ataxia

Type 3 (Machado-

Joseph Disease)

Cerebellar

neurons,

striatal and

cortical

neurons

Intranuclear

inclusion bodies,

neuronal loss

ATAXIN

3(CAG

expansion)

SF RV: OSKM NA Koch et al.

(2011)[95]

Familial

dysautonomia

Sensory and

autonomic

neurons

Reduced size of

DRG neurons,

reduced number

of non-

myelinated small

fibers and

intermediolateral

column neurons

IKBKAP SF RV: OSKM Defects in

neurogenesis and

migration

Lee et al.

(2009)[96]

Fragile-X syndrome Hippocampal,

cerebellar

neurons

Dendritic spine

abnormalities,

neuronal loss

FMR1

(CGG

repeat)

SF RV: OSKM NA Urbach et al.

(2010)[97]

SF-skin fibroblasts, RV-retroviruses, LV-lentiviruses and NA- not assessed

Table 2. Overview of the iPS the cell-related models for neurodegenerative diseases (modified from Han et al. 2011
[82])

4.1. Alzheimer’s disease

Alzheimer’s disease (AD) is the most common neurodegenerative disease, affecting 35 million
patients worldwide. Clinically, it is characterized by progressive loss of short-term memory
and other cognitive functions toward a state of profound dementia.

AD is histopathologically characterized by neuronal and synapse loss and the appearance of
extracellular amyloid plaques (AP) and intracellular neurofibrillary tangles (NFTs) in affected
brain regions, especially cerebral cortex, hippocampus and basal forebrain [98;99]. The AP and
NFTs form by aggregation of two proteins, beta amyloid (Aβ) and hyperphosphorylated tau
(pTau), respectively [100]. Aβ is formed from the cleavage of the amyloid precursor protein
(APP) into soluble monomers that then aggregate into fibrils and are eventually deposited in
the extracellular space [101]. Tau is a microtubule-associated protein that undergoes hyper‐
phosphorylation and accumulates as intraneuronal inclusions or tangles in the brains of
individuals with AD [100;102].

Degeneration of basal forebrain cholinergic neurons is a principal feature of AD and the
reduction in the level of acetylcholine and choline acetyltransferase activity in the hippocam‐
pus and cerebral cortex has been reported in the brains of AD patients [103;104].

Pluripotent Stem Cells484

The majority of AD cases are sporadic; in these cases the major genetic risk factor disease is
the APOE gene. ApoE is synthesized in astrocytes and acts as a ligand for the receptor-
mediated endocytosis of cholesterol-containing lipoprotein particles. Whether ApoE affects
Aβ clearance or operates through its function in lipid metabolism is not yet fully established
[105].

Few familial AD (FAD) cases are an early-onset autosomal dominant disorder. Three genes
have been identified that account for FAD: the first mutations causing Mendelian AD were
identified in the APP gene [106], although mutations in two other genes, presenilin 1 and 2
(PSEN1 and PSEN2), that form the γ-secretase complex components, are more commonly
found. The mutations cause different clinical phenotypes, but for all the aberrant processing
of Aβ led to its aggregation [107].

By classical transgene and knockout approaches, there were established mouse models that
reflect different aspects of AD [108]. Representative models are APP mutant strains (such as
PDAPP, J20, APP23 or Tg2576) with a robust APP/Aβ pathology and tau mutant strains with
NFT formation such as (JNPL3 or pR5). The histopathology in these strains is associated with
behavioral impairment [109].

The modeling of AD via IPS cell technology was recently reported [83;84]. The first study used
AD patient fibroblasts carrying mutations in PS1 and PS2. The IPS cells kept the mutations and
differentiated into neural cells, showing increased amyloid β42 secretion as compared to the
healthy controls [83].

In the second study, IPS cells were generated from both patients with sporadic AD or caring
APP duplication. Interestingly, increased level of both Aβ (1-40) and pTau were detected in
neural cells cultures after neural progenitor expansion of about five weeks, followed by
differentiation of about four weeks [84].

4.2. Parkinson’s disease

Parkinson’s Disease (PD) is the second most common neurodegenerative disorder, afflicting
over 6 million people worldwide. Clinically, there are progressive motor dysfunctions
comprising bradykinesia, rigidity and tremor, as well as non-motor features.

Pathologically, PD is identified by intracellular inclusions known as Lewy bodies and dopa‐
minergic neuronal loss that initiates in the substantia nigra.

PD is largely a late onset sporadic neurodegenerative condition. However, 5–10% cases are
familial, transmitted in either an autosomal-dominant or autosomal recessive fashion [110].
A number of genes have been linked to our understanding of pathogenesis. The gene α-
synuclein (SNCA)  product is the major component of the Lewy body in sporadic and in
some  cases  of  autosomal  dominant  types  and  therefore  appears  to  be  central  to  PD
pathophysiology [111;112]. The most common mutation related to autosomal-dominant PD
occurs  in  the  gene  encoding  leucine-rich  repeat  kinase-2  (LRRK2)  [113].  One  missense
mutation, the G2019S mutation, occurs in 5% of familial cases and 1–2% of sporadic cases
of  PD.  Mutations  in  PARK2,  PINK1  and  PARK7  (also  known as  DJ1)  cause  autosomal-
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Neurodegenerative

disease

Types of

affected

neurons

Histopathology Gene

(Mutation)

Donor

cell

Reprogramming

method

Reported disease-

related

phenotype

References
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cerebellar
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misdistribution,
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myelination

et al. (2010)

[94]

Spinocerebellar Ataxia

Type 3 (Machado-

Joseph Disease)

Cerebellar

neurons,

striatal and

cortical

neurons

Intranuclear

inclusion bodies,

neuronal loss

ATAXIN

3(CAG

expansion)

SF RV: OSKM NA Koch et al.

(2011)[95]

Familial

dysautonomia

Sensory and

autonomic

neurons

Reduced size of

DRG neurons,

reduced number

of non-

myelinated small

fibers and

intermediolateral

column neurons

IKBKAP SF RV: OSKM Defects in

neurogenesis and

migration

Lee et al.

(2009)[96]

Fragile-X syndrome Hippocampal,

cerebellar

neurons

Dendritic spine

abnormalities,

neuronal loss

FMR1

(CGG

repeat)

SF RV: OSKM NA Urbach et al.

(2010)[97]

SF-skin fibroblasts, RV-retroviruses, LV-lentiviruses and NA- not assessed

Table 2. Overview of the iPS the cell-related models for neurodegenerative diseases (modified from Han et al. 2011
[82])

4.1. Alzheimer’s disease

Alzheimer’s disease (AD) is the most common neurodegenerative disease, affecting 35 million
patients worldwide. Clinically, it is characterized by progressive loss of short-term memory
and other cognitive functions toward a state of profound dementia.

AD is histopathologically characterized by neuronal and synapse loss and the appearance of
extracellular amyloid plaques (AP) and intracellular neurofibrillary tangles (NFTs) in affected
brain regions, especially cerebral cortex, hippocampus and basal forebrain [98;99]. The AP and
NFTs form by aggregation of two proteins, beta amyloid (Aβ) and hyperphosphorylated tau
(pTau), respectively [100]. Aβ is formed from the cleavage of the amyloid precursor protein
(APP) into soluble monomers that then aggregate into fibrils and are eventually deposited in
the extracellular space [101]. Tau is a microtubule-associated protein that undergoes hyper‐
phosphorylation and accumulates as intraneuronal inclusions or tangles in the brains of
individuals with AD [100;102].

Degeneration of basal forebrain cholinergic neurons is a principal feature of AD and the
reduction in the level of acetylcholine and choline acetyltransferase activity in the hippocam‐
pus and cerebral cortex has been reported in the brains of AD patients [103;104].
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The majority of AD cases are sporadic; in these cases the major genetic risk factor disease is
the APOE gene. ApoE is synthesized in astrocytes and acts as a ligand for the receptor-
mediated endocytosis of cholesterol-containing lipoprotein particles. Whether ApoE affects
Aβ clearance or operates through its function in lipid metabolism is not yet fully established
[105].

Few familial AD (FAD) cases are an early-onset autosomal dominant disorder. Three genes
have been identified that account for FAD: the first mutations causing Mendelian AD were
identified in the APP gene [106], although mutations in two other genes, presenilin 1 and 2
(PSEN1 and PSEN2), that form the γ-secretase complex components, are more commonly
found. The mutations cause different clinical phenotypes, but for all the aberrant processing
of Aβ led to its aggregation [107].

By classical transgene and knockout approaches, there were established mouse models that
reflect different aspects of AD [108]. Representative models are APP mutant strains (such as
PDAPP, J20, APP23 or Tg2576) with a robust APP/Aβ pathology and tau mutant strains with
NFT formation such as (JNPL3 or pR5). The histopathology in these strains is associated with
behavioral impairment [109].

The modeling of AD via IPS cell technology was recently reported [83;84]. The first study used
AD patient fibroblasts carrying mutations in PS1 and PS2. The IPS cells kept the mutations and
differentiated into neural cells, showing increased amyloid β42 secretion as compared to the
healthy controls [83].

In the second study, IPS cells were generated from both patients with sporadic AD or caring
APP duplication. Interestingly, increased level of both Aβ (1-40) and pTau were detected in
neural cells cultures after neural progenitor expansion of about five weeks, followed by
differentiation of about four weeks [84].

4.2. Parkinson’s disease

Parkinson’s Disease (PD) is the second most common neurodegenerative disorder, afflicting
over 6 million people worldwide. Clinically, there are progressive motor dysfunctions
comprising bradykinesia, rigidity and tremor, as well as non-motor features.

Pathologically, PD is identified by intracellular inclusions known as Lewy bodies and dopa‐
minergic neuronal loss that initiates in the substantia nigra.

PD is largely a late onset sporadic neurodegenerative condition. However, 5–10% cases are
familial, transmitted in either an autosomal-dominant or autosomal recessive fashion [110].
A number of genes have been linked to our understanding of pathogenesis. The gene α-
synuclein (SNCA)  product is the major component of the Lewy body in sporadic and in
some  cases  of  autosomal  dominant  types  and  therefore  appears  to  be  central  to  PD
pathophysiology [111;112]. The most common mutation related to autosomal-dominant PD
occurs  in  the  gene  encoding  leucine-rich  repeat  kinase-2  (LRRK2)  [113].  One  missense
mutation, the G2019S mutation, occurs in 5% of familial cases and 1–2% of sporadic cases
of  PD.  Mutations  in  PARK2,  PINK1  and  PARK7  (also  known as  DJ1)  cause  autosomal-
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recessive, early onset PD [114-116]. These genetic discoveries have highlighted the impor‐
tance of the ubiquitin proteasome system, mitochondrial dysfunction and oxidative stress
in PD pathogenesis.

The most common genetic risk factor for PD appears to be heterozygous mutations in the
glucocerebrosidase gene (GBA) [117]. The frequency of heterozygous mutations in GBA reaches
~4% in sporadic PD populations.

Because PD results from the loss of dopaminergic neurons, the prospect of utilizing cell
replacement therapies has attracted substantial interest. Several methods are able to improve
the effectiveness of midbrain dopamine neuron generation and/or retrieval from fetal tissue
and stem cells.

The ability of deriving large quantities of correctly differentiated dopamine neurons makes
stem cells promising cell sources for transplantation in PD; having the transplantation as a
main goal, many studies improved the directed differentiation of PS cells toward dopaminer‐
gic neurons, opening the doors to IPS cell-derived models.

Soldner et al. induced pluripotency in fibroblasts derived from idiopathic PD patients and
controls and subsequently differentiated both into dopaminergic neurons. As they did not find
significant differences between the expression of SNCA or LRKK2 between patients and
controls, they went on to suggest that it might still be necessary to further accelerate PD-
pathology related phenotypes in vitro with neurotoxins such as MPTP, or the overexpression
of PD-related genes such as SNCA or LRKK2 in order to obtain a valid PD model [12].

Hargus et al. [85] used a similar protocol of inducing PS cells for idiopathic PD patients and
controls, and further differentiated them into dopaminergic neurons. Additionally, they
performed intrastriatal transplantation studies into 6-OHDA lesioned rats, demonstrating
improvements in motor symptoms.

Regarding familiar PD, Nguyen et al. [86] used a classical protocol for IPS cells generation and
differentiation and found that IPS cell-derived dopaminergic neurons from patients carrying
a LRRK2 mutation had increased expression of oxidative stress response genes and α-
synuclein protein. The mutant neurons were also more sensitive to caspase-3 activation and
cell death caused by exposure to hydrogen peroxide, MG-132 (a proteasome inhibitor), and 6-
hydroxydopamine than control neurons. The finding of increased susceptibility to stress in
patient-derived neurons provides insights into the pathogenesis of PD and a potential basis
for a cellular screen.

Seibler et al. [87] generated IPS cells form PD patients carrying mutation in PINK1 gene (Q456X;
V170G). They compared the mitochondrial translocation of Parkin in DA neurons under
mitochondrial stress conditions and found a difference between patients and controls, making
a step forward into PD pathogenesis in vitro.

Two recent studies focused on the IPS cell-derived models of PD carrying a triplication in
SNCA genes. Devine et al. showed that the levels of α-Synuclein protein were increased in the
dopaminergic population derived from patients, compared to the healthy controls [88], while
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Byers et al. focused on the differences in sensitivity to oxidative stress in correlation with this
mutation [89].

4.3. Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder resulting
from an expanded CAG triplet repeat in the Huntingtin gene (HTT) on chromosome 4 [118].
This expansion accounts for an attachment of a polyglutamine strand of variable length at the
N-terminus of the protein leading to a toxic gain of function [119]. HD together with eight
other CAG triplet repeat expansion disorders forms the group of PolyQ diseases which share
some specific pathophysiological features [120].

Although the protein huntingtin is ubiquitously expressed in mammalian cells, mainly striatal
GABAergic medium spiny neurons with a dopamine- and cyclic AMP-regulated phospho‐
protein (DARPP-32)-positive phenotype are the most susceptible to neurodegeneration in HD
[121]. As a consequence a prominent cell loss and atrophy in the caudate nucleus and putamen
can be observed. Other brain regions and neuronal subtypes involved in HD comprise the
substantia nigra, hippocampus, cerebellar Purkinje cells and thalamic nuclei [119;122].

One of the histopathological hallmarks of Huntington’s disease, as in other PolyQ disorders
too, is the appearance of nuclear and cytoplasmic inclusion bodies containing the mutant
huntingtin and polyglutamine [123;124]. Much debate regarding the meaning and function of
these inclusions is going on, and although indicative of pathological mutant protein processing
they do not correlate with cellular dysfunction and might even confer a protective role
[125;126].

Numerous studies indicated that wild-type huntingtin might be involved in a variety of
intracellular functions such as in protein trafficking, vesicle and axonal transport, mitochon‐
drial function, postsynaptic signaling; transcriptional regulation, as wells as in anti-apoptotic
pathways [127;128]. Therefore a disruption and detrimental impairment of these various
intracellular pathways is supposed to be the consequence of accumulation of mutant hun‐
tingtin, finally leading to neuronal death.

Over the years, several different HD models had been introduced, ranging from invertebrate
models like Drosophila and C. elegans to various rodent models [129;130]. Genetically
modified animals (especially mouse) models such as transgenic, knock-in and conditional ones
recapitulated some features of HD like neuronal polyglutamine inclusions [131].

The intrastriatal injection of excitotoxic glutamic acid analogues like kainic acid, quinolinic
acid and 3-nitropropionic acid into animals resulted in neuronal cell death similar to the
pathology observed in HD patients [132-134]. They proved to be useful in studying pathoge‐
netic processes involved in the progressive disease course although some limitations regarding
the selective neuronal cell loss as well as aggregate formation properties and variable pheno‐
types have to be kept in mind.

Transplantation studies in animal HD models aimed at providing neuroprotective support or
intended to replace damaged and lost neuronal subtypes. Successful application of stem cell-
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recessive, early onset PD [114-116]. These genetic discoveries have highlighted the impor‐
tance of the ubiquitin proteasome system, mitochondrial dysfunction and oxidative stress
in PD pathogenesis.

The most common genetic risk factor for PD appears to be heterozygous mutations in the
glucocerebrosidase gene (GBA) [117]. The frequency of heterozygous mutations in GBA reaches
~4% in sporadic PD populations.

Because PD results from the loss of dopaminergic neurons, the prospect of utilizing cell
replacement therapies has attracted substantial interest. Several methods are able to improve
the effectiveness of midbrain dopamine neuron generation and/or retrieval from fetal tissue
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The ability of deriving large quantities of correctly differentiated dopamine neurons makes
stem cells promising cell sources for transplantation in PD; having the transplantation as a
main goal, many studies improved the directed differentiation of PS cells toward dopaminer‐
gic neurons, opening the doors to IPS cell-derived models.

Soldner et al. induced pluripotency in fibroblasts derived from idiopathic PD patients and
controls and subsequently differentiated both into dopaminergic neurons. As they did not find
significant differences between the expression of SNCA or LRKK2 between patients and
controls, they went on to suggest that it might still be necessary to further accelerate PD-
pathology related phenotypes in vitro with neurotoxins such as MPTP, or the overexpression
of PD-related genes such as SNCA or LRKK2 in order to obtain a valid PD model [12].

Hargus et al. [85] used a similar protocol of inducing PS cells for idiopathic PD patients and
controls, and further differentiated them into dopaminergic neurons. Additionally, they
performed intrastriatal transplantation studies into 6-OHDA lesioned rats, demonstrating
improvements in motor symptoms.

Regarding familiar PD, Nguyen et al. [86] used a classical protocol for IPS cells generation and
differentiation and found that IPS cell-derived dopaminergic neurons from patients carrying
a LRRK2 mutation had increased expression of oxidative stress response genes and α-
synuclein protein. The mutant neurons were also more sensitive to caspase-3 activation and
cell death caused by exposure to hydrogen peroxide, MG-132 (a proteasome inhibitor), and 6-
hydroxydopamine than control neurons. The finding of increased susceptibility to stress in
patient-derived neurons provides insights into the pathogenesis of PD and a potential basis
for a cellular screen.

Seibler et al. [87] generated IPS cells form PD patients carrying mutation in PINK1 gene (Q456X;
V170G). They compared the mitochondrial translocation of Parkin in DA neurons under
mitochondrial stress conditions and found a difference between patients and controls, making
a step forward into PD pathogenesis in vitro.

Two recent studies focused on the IPS cell-derived models of PD carrying a triplication in
SNCA genes. Devine et al. showed that the levels of α-Synuclein protein were increased in the
dopaminergic population derived from patients, compared to the healthy controls [88], while
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Byers et al. focused on the differences in sensitivity to oxidative stress in correlation with this
mutation [89].

4.3. Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder resulting
from an expanded CAG triplet repeat in the Huntingtin gene (HTT) on chromosome 4 [118].
This expansion accounts for an attachment of a polyglutamine strand of variable length at the
N-terminus of the protein leading to a toxic gain of function [119]. HD together with eight
other CAG triplet repeat expansion disorders forms the group of PolyQ diseases which share
some specific pathophysiological features [120].

Although the protein huntingtin is ubiquitously expressed in mammalian cells, mainly striatal
GABAergic medium spiny neurons with a dopamine- and cyclic AMP-regulated phospho‐
protein (DARPP-32)-positive phenotype are the most susceptible to neurodegeneration in HD
[121]. As a consequence a prominent cell loss and atrophy in the caudate nucleus and putamen
can be observed. Other brain regions and neuronal subtypes involved in HD comprise the
substantia nigra, hippocampus, cerebellar Purkinje cells and thalamic nuclei [119;122].

One of the histopathological hallmarks of Huntington’s disease, as in other PolyQ disorders
too, is the appearance of nuclear and cytoplasmic inclusion bodies containing the mutant
huntingtin and polyglutamine [123;124]. Much debate regarding the meaning and function of
these inclusions is going on, and although indicative of pathological mutant protein processing
they do not correlate with cellular dysfunction and might even confer a protective role
[125;126].

Numerous studies indicated that wild-type huntingtin might be involved in a variety of
intracellular functions such as in protein trafficking, vesicle and axonal transport, mitochon‐
drial function, postsynaptic signaling; transcriptional regulation, as wells as in anti-apoptotic
pathways [127;128]. Therefore a disruption and detrimental impairment of these various
intracellular pathways is supposed to be the consequence of accumulation of mutant hun‐
tingtin, finally leading to neuronal death.

Over the years, several different HD models had been introduced, ranging from invertebrate
models like Drosophila and C. elegans to various rodent models [129;130]. Genetically
modified animals (especially mouse) models such as transgenic, knock-in and conditional ones
recapitulated some features of HD like neuronal polyglutamine inclusions [131].

The intrastriatal injection of excitotoxic glutamic acid analogues like kainic acid, quinolinic
acid and 3-nitropropionic acid into animals resulted in neuronal cell death similar to the
pathology observed in HD patients [132-134]. They proved to be useful in studying pathoge‐
netic processes involved in the progressive disease course although some limitations regarding
the selective neuronal cell loss as well as aggregate formation properties and variable pheno‐
types have to be kept in mind.

Transplantation studies in animal HD models aimed at providing neuroprotective support or
intended to replace damaged and lost neuronal subtypes. Successful application of stem cell-
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based therapy in animal models of HD with functional recovery has been reported [135;136].
Different cell types ranging from neural stem/progenitor cells from mouse and rat or human
fetal brain tissue to bone marrow and mesenchymal stem cells have been transplanted into
excitotoxic animal HD models[137].

In order to facilitate research in the HD field with human material, Bradley et al. [138] derived
four hES cell lines containing more than 40 CAG repeats from donated embryos obtained
through an informed consent. Those hES cells were able to differentiate in to neuronal cells
expressing the mutant huntingtin protein.

The first HD-IPS cell lines were successfully generated by Park et al. from patient with a 72
CAG repeat tract using the classical lentiviral vectors [4]. In a subsequent study Zhang et al
used these patient-specific IPS cells in order to generate HD specific neural stem cells that were
then differentiated into striatal neurons. Besides a stable CAG repeat expansion in all patient-
derived cells, an enhanced caspase 3/7 activity was found.

A second group successfully generated HD-specific IPS cells via lentiviral transduction of
transcription factors and was able to demonstrate a stable CAG triple repeat length in all IPS
cell clones as well as in IPS cell-derived neurons. Interestingly, they observed an enhanced
lysosomal activity in IPS cells and their derived neuronal populations [139].

4.4. Motor neuron diseases

Motor neurons (MNs) are essential effector cells for the control of motor function. Degenerative
MN diseases, such Spinal Muscular Atrophy (SMA) and Amyotrophic Lateral Sclerosis (ALS)
are devastating disorders due to a selective loss of MNs, which in turn leads to progressive
muscle atrophy and weakness.

SMA is the most common form of degenerative motor neuron disease in children and young
adults, characterized by the selective degeneration of lower MNs in the brainstem and spinal
cord [140]. SMA is a classical autosomal recessive disorder with the vast majority of SMA cases
caused by homozygous mutations in the gene named Survival of Motor Neuron-1 (SMN1)
[141;142].

Interestingly, in humans the SMN exists in a telomeric copy, SMN1, and several centromeric
highly homologous copies, SMN2, with both genes being transcribed [143]. Due to the fact that
the vast majority of SMN2 transcripts lack an exon due to a splicing defect, it is only partially
and poorly able to compensate for reduced SMN1 levels [144;145].

SMN is a ubiquitously expressed gene involved in the biogenesis of small nuclear ribonucleo‐
proteins important for pre-mRNA splicing, but might also have a specific role in RNA transport
in neurons [146]. However, it remains to be elucidated how a deficiency in SMN is responsible
for the selective degeneration of lower motor neurons [147].

Several experimental models have been used to study the putative cellular and molecular
processes involved in SMA. Mouse models have become the most often used, albeit lacking
the duplication of the SMN gene in humans. As a consequence, homologous recombination
technology of the Smn locus in mice leads to complete depletion of the SMN protein, causing
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early embryonic lethality [148], which has necessitated generating transgenic mice that harbor
human SMN2 [149;150] on a SMN-/- background. Although this model provided invaluable
protein and disease information, reflecting a gene dosage–dependent phenotype similar to
severe forms of SMA, these mice normally die shortly after birth.

It was in 2009 when patient-derived IPS cells were used for the first time to model SMA [91].
Therefore, skin fibroblasts from a three-year old child with SMA as well as from the unaffected
mother were successfully reprogrammed via transduction with lentiviral vectors comprising
OCT4, SOX2, NANOG, and LIN28. Characterization of the obtained IPS cells demonstrated
lack of SMN1 expression and reduced levels of the full-length protein compensated by SMN2.
Patient and control IPS cells were further differentiated into neurons. Within these neural
cultures, significant differences regarding the number of motoneurons as well as their soma
size and synapse formation ability could be observed between patient-specific and control
cells, therefore reflecting disease-specific phenotypes. Furthermore, valproic acid and tobra‐
mycin, two drugs known to increase full-length SMN mRNA levels from the SMN2 locus, were
tested on this human cellular SMA model. A 2-3-fold increase in SMN protein expression in
SMA-IPS cells and an increased nuclear punctuate localization of SMN protein were found.

In a continuative experiment, Sareen et al [92] generated SMA-specific IPS cells using a virus-
free plasmid-based approach with subsequent differentiation of IPS cells into NSCs and further
MN differentiation. Besides the already described SMA-specific phenotypes, increased
apoptosis was detected in SMA-specific cells, which might be another potential target for
therapeutic intervention.

ALS, also known as Lou Gehrig’s disease is the most common form of MN disease; it as a
rapidly progressing, fatal disorder, usually as a result of respiratory failure. In contrast to SMA,
it is characterized by a progressive loss of both upper and lower motor neurons in the cerebral
cortex, brainstem and spinal cord. Two forms of ALS can be distinguished, the more frequent
sporadic form accounts for about 90% of cases and the less common familial form (FALS) for
the remaining 10% [151].

Mutations in the Cu/Zn superoxide dismutase 1 (SOD1) gene are responsible for about 20% of
the familial cases [152]. Recently, several other gene mutations were identified as important
causing typical FALS, such as the gene encoding the TAR DNA-binding protein 43 (TDP-43)
[153]. The role of TDP-43 was first suspected when it was identified as one of the major
constituents of the intra-neuronal inclusions characteristically observed in ALS and in
frontotemporal lobar degeneration–ubiquitin (FTLD-U); [154]. Subsequently, mutations in the
TARDBP gene encoding TDP-43 were identified in some FALS [153].

On macroscopic and microscopic examination of the nervous system in ALS variable neuronal
inclusion bodies in lower motor neurons of the spinal cord and brain stem can be detected
[155]. Morphologically these inclusions are reliably demonstrated only by their immunoreac‐
tivity to ubiquitin, and have been reported in both sporadic and familial cases and are present
in transgenic models of ALS. It is now well established that ALS is typically characterized by
the presence of these inclusion bodies.
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Furthermore, it has been reported that an ALS genotype in glial cells (astrocytes) has an effect
on the survival of motor neurons and contributes a crucial role in motor neuron degeneration
[156].

ALS research has focused mainly on models of the familial SOD1-mediated form, although all
forms of ALS share striking similarities in pathology and clinical symptoms. A toxic gain of
function of this enzyme with the exact mechanism still unclear is thought to be responsible
which subsequently results in mitochondrial dysfunction, oxidative damage, glutamate
excitotoxicity, protein aggregation, proteasome dysfunction, cytoskeletal and axonal transport
defects and inflammation [151;157].

Transgenic mice or rats overexpressing mutant SOD1 develop MN degeneration with pro‐
gressive muscle weakness, muscle wasting and reduced life span [158]. Furthermore, mutant
SOD1 as well as TDP-43 models have been generated in zebrafish and C. elegans, mimicking
at least some of the pathological hallmarks (e.g. selective vulnerability of MN and MN
dysfunction) and therefore making them suitable for genetic and small compound screening
[157;159].

Transgenic ALS models have also already been utilized for stem cell therapies by transplanting
different types of cells comprising human as well as rodent fetal neural stem and progenitor
cells, umbilical cord blood stem cells, mesenchymal stem cells and bone marrow. In some of
the studies, a moderate improvement of motor function and a delayed disease progression
could be observed [160]. However, the translation of stem cell transplantation therapies into
clinical trials did not show any therapeutic benefit in ALS patients.

In order to get more insight into human pathophysiology, Dimos et al. [161] were the first to
generate ALS-patient specific IPS cells using retroviral transduction of the classical Yamanaka
factors OSKM. They successfully obtained IPS cells from an 82-year old sibling suffering from a
familial form of ALS with a mutation in the SOD1 gene. Subsequently, patient-specific IPS cells
were forced to differentiate into MN and glia. Due to the fact that more than 90% of ALS cases
are sporadic, patient-specific IPS cell models from sporadic ALS might overcome this draw‐
back through the integration of the genetic as well as environmental individual background.

4.5. Ataxias

The degenerative ataxias are a group of hereditary or idiopathic diseases that are clinically
characterized by progressive ataxia resulting from degeneration of cerebellar-brainstem
structures and spinal pathways [162].

Autosomal recessive cerebellar ataxias are heterogeneous, complex, disabling inherited
neurodegenerative diseases that become manifest usually during childhood and adolescence.

Friedreich Ataxia (FRDA), an autosomal-recessive ataxia, is the most common inherited ataxic
disorder in the white Caucasian population with a prevalence of 2-4/100,000 and with an age
of onset in the teenage years. Clinical characteristics include progressive ataxia of gait and
limbs, dysarthria, muscle weakness, spasticity in the legs, scoliosis, bladder dysfunction, and
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loss of position and vibration sense [163;164]. Cardiomyopathy and diabetes mellitus are
systemic complications in some patients [165].

FRDA is caused in 96% of individuals by a GAA triplet expansion in the first intron of the
Frataxin (FXN) gene on chromosome 9q13 [166]. The mutation leads to transcriptional
silencing as a result of heterochromatin formation, adoption of an abnormal DNA-RNA hybrid
structure, or triplex DNA formation [167] with reduced Frataxin protein expression. About 4%
of the individuals affected with FRDA are compound heterozygous. Disease-causing expand‐
ed alleles present with 66 to 1700 GAA repeats with the majority ranging from 600 up to 1200
GAA repeats [166;168]. Major neuropathologic findings comprise a degeneration of dorsal root
ganglia (DRG), with loss of large sensory neurons, followed by degeneration of posterior
columns, corticospinal tracts and spinocerebellar tracts, and the deep nuclei in the cerebellum
[165;169].

The gene product Frataxin is a ubiquitously expressed and evolutionary conserved mitochon‐
drial protein that has been proposed to exhibit roles in mitochondrial iron metabolism and the
production of iron-sulfur (Fe-S) clusters.

Several FRDA disease models, from yeast, C. elegans and Drosophila to mice have been used
to get more insight into the disease [170;171]. Viable transgenic mouse models were generated
through conditional gene targeting [172] which have been crucial in the development as
models for FRDA, although some with ambiguous results. The complete knock-out of Frataxin
resulted in embryonic lethality [173], whereas conditional mouse models under the control of
different promoters were capable to recapitulate some of the disease phenotypes [174]. In order
to circumvent the non-physiologic complete loss of Frataxin at a specific time point in
conditional models, GAA based mouse models were introduced [175;176], shedding more light
on tissue-dependent GAA dynamics and putative pathophysiologic pathways.

Despite a general genotype-phenotype correlation it is not possible to predict the specific
clinical outcome in any individual based on GAA repeat length. The inherent variability in
FRDA may be caused by genetic background, somatic heterogeneity of the GAA expansion
[177;178], and yet other unidentified factors.

Therefore, FRDA-IPS cell lines have already been established by Ku et al. [93] and Liu et al.
[94]. Data showed that, although a specific disease-related phenotype was not reported, these
FRDA IPS cells were able to recapitulate some of the molecular genetic aspects of FRDA,
including the phenomenon of repeat-length instability, epigenetic silencing of the FXN locus
and low levels of Frataxin expression [93].

With regard to GAA repeat instability, IPS cells showed repeat expansions whereas parental
fibroblasts did not [93]. Instability was specific to the abnormally expanded FXN as GAA
expansions in normal FXN alleles or at two unrelated loci with short GAA repeats remained
unchanged. To understand the mechanism of instability in this IPS cell system, analysis of
differences in mRNA expression showed that MSH2, a critical component of the DNA
mismatch repair (MMR) machinery and important for mediating repeat-length instability, was
highly expressed in FRDA-IPS cells relative to donor fibroblasts. ShRNA-mediated silencing
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of MSH2 resulted in shorter repeat lengths suggesting that FRDA IPS cells could be a useful
system to evaluate the mechanisms of repeat expansions and contractions in disease.

GAA repeat mutations are unstable and progressive and postnatal instability occurs in various
tissues throughout life. For example, large GAA repeat expansions are especially prominent
in the dorsal root ganglia of FRDA patients, which harbor cell bodies of sensory neurons, a
neuronal subtype especially affected in FRDA [179].

Given FRDA-IPS cells can be directed to differentiate into sensory neurons, as well as cardio‐
myocytes [94], the presence and mechanisms of tissue-specific expansion should be testable.
The major focus of FRDA IPS cell differentiation research is currently focused on generating
appropriate disease-relevant cell types. For example, sensory neurons of the DRG are crucially
affected in individuals with FRDA.

The autosomal dominant Spinocerebellar Ataxias (SCAs) comprise a genetically and clinically
heterogeneous group of inherited neurodegenerative progressive disorders affecting various
parts of the CNS. The number of known SCAs continues to grow and comprises meantime
over 30 entities.

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease (MJD), is the
most frequent entity among the autosomal dominantly inherited cerebellar ataxias in Europe,
Japan, and the United States [180].

Genetically, SCA3 belongs to the group of CAG-triple repeat disorders, also known as PolyQ-
disorders due to abnormally long polyglutamine tracts within the corresponding protein. The
majority of patients suffering from SCA3 carry one allele of the ataxin3 (ATXN3) gene with
60–82 CAG repeats and a second allele containing the normal number of repeats, which is
usually between 13 and 41 [181].

As in most of these polyglutamine diseases, patients with a repeat expansion above a critical
threshold form neuronal intranuclear inclusion bodies, one important hallmark of polyQ
diseases [182]. Further neuropathological features include a depigmentation of the substan‐
tia nigra as well as a pronounced atrophy of the cerebellum, pons and medulla oblongata,
altogether culminating in an overall reduced brain weight compared to healthy individu‐
als [183].

As most of the PolyQ disease proteins are ubiquitously expressed it still remains unclear
why only specific neuronal cell populations are prone to neurodegeneration. Many animal
models, like rodents, C.elegans and Drosophila, overexpressing specific forms of ATXN3 are
available  to  study the molecular  and phenotypic  aspects  of  MJD involving aggregation,
proteolysis and toxicity of expanded ATXN3, as well as the apparent neuroprotective role
of wild-type ATXN3 [184].

Kakizuka’s group was the first to demonstrate neurodegeneration and a neurological pheno‐
type in mice transgenic for the CAG repeat expansion [185]. Mouse models further provided
evidence for the subcellular site of pathogenesis, the processing and trafficking of the mutant
protein in order to cause cellular dysfunction and neuronal cell loss.
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While some of the transgenic mouse models expressing the full-length ATXN3 under control
of various exogenous promoters were able to mimic some aspects of the disease, they all
overexpress only a single isoform of ATXN3. Taken this into account, a YAC MJD transgenic
model was established which more closely recapitulates the human disease as all elements,
including regulatory regions of the gene, are present [186]. Research in animal models of SCA
has now begun to focus on therapeutic strategies to prevent protein misfolding and aggrega‐
tion in polyglutamine diseases by overexpressing chaperones.

Koch et al [95], investigated the formation of early aggregates and their behavior in time by
making use of patient- specific IPS cell-derived neurons. They demonstrated that MJD-IPS cell
derived neurons constitute an appropriate cellular model in the study of aberrant human
protein processing. Moreover, they concluded that neurons are able to cope, at least in the
beginning, with the aggregated mutant material and cytotoxicity evolved over time. Besides,
a key role for the protease calpain in ATXN3-aggregation formation was found which could
further display a putative benefit of calpain inhibitors.

4.6. Familial dysautonomia and fragile X syndrome

Familial Dysautonomia (FD), also known as Riley-Day Syndrome or Hereditary Sensory
Autonomic Neuropathy (HSAN) Type III, is a rare autosomal recessive disease mostly
occurring in persons of Ashkenazi Jewish descent [187]. The disease is characterized by
degeneration of sensory and autonomic neurons, leading to severe and often lethal central and
peripheral autonomic perturbations, as well as small-fiber sensory dysfunction. The underly‐
ing mutation induces a splicing defect in the IkB kinase complex-associated protein (IKB‐
KAP) gene, which results in tissue-specific loss of function or reduced levels of the IKAP
protein [188]. Individuals affected with FD suffer from incomplete neuronal development as
well as progressive neuronal degeneration with the sensory and autonomic neurons mainly
affected [189].

Although the exact function of the IKAP protein is not clearly understood, researchers have
identified IKAP as the scaffold protein required for the assembly of a holo-elongator complex
[190]. As a consequence, an impaired transcriptional elongation of genes responsible for cell
motility is thought to be the cause for the observed cell migration deficiency in FD neurons
[191]. Besides, the IKAP protein is also thought to be involved in other cellular processes,
including tRNA and epigenetic modifications and exocytosis [192].

To better understand the function of IKAP, Dietrich et al. [193] created a mouse model with
two distinct alleles that result in either loss of Ikbkap expression, or expression of the mutated
truncated protein. Besides, a humanized IKBKAP transgenic mouse model for FD had been
created that recapitulated the tissue-specific splicing defect, i.e. skipping of exon 20, in nervous
tissues [194].

In order to untangle the tissue-specific pattern of IKBKAP mRNA splicing in FD, Boone et al.
[195] created a human olfactory ecto-mesenchymal stem cell (hOEMSC) model of FD. It has
been shown that these multipotent hOE-MSCs exhibit the potential to differentiate in vitro into
neurons, astrocytes, and oligodendrocytes as well as other cell types [196]. Classical features

Human Pluripotent Stem Cells Modeling Neurodegenerative Diseases
http://dx.doi.org/10.5772/55772

493



of MSH2 resulted in shorter repeat lengths suggesting that FRDA IPS cells could be a useful
system to evaluate the mechanisms of repeat expansions and contractions in disease.

GAA repeat mutations are unstable and progressive and postnatal instability occurs in various
tissues throughout life. For example, large GAA repeat expansions are especially prominent
in the dorsal root ganglia of FRDA patients, which harbor cell bodies of sensory neurons, a
neuronal subtype especially affected in FRDA [179].

Given FRDA-IPS cells can be directed to differentiate into sensory neurons, as well as cardio‐
myocytes [94], the presence and mechanisms of tissue-specific expansion should be testable.
The major focus of FRDA IPS cell differentiation research is currently focused on generating
appropriate disease-relevant cell types. For example, sensory neurons of the DRG are crucially
affected in individuals with FRDA.

The autosomal dominant Spinocerebellar Ataxias (SCAs) comprise a genetically and clinically
heterogeneous group of inherited neurodegenerative progressive disorders affecting various
parts of the CNS. The number of known SCAs continues to grow and comprises meantime
over 30 entities.

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease (MJD), is the
most frequent entity among the autosomal dominantly inherited cerebellar ataxias in Europe,
Japan, and the United States [180].

Genetically, SCA3 belongs to the group of CAG-triple repeat disorders, also known as PolyQ-
disorders due to abnormally long polyglutamine tracts within the corresponding protein. The
majority of patients suffering from SCA3 carry one allele of the ataxin3 (ATXN3) gene with
60–82 CAG repeats and a second allele containing the normal number of repeats, which is
usually between 13 and 41 [181].

As in most of these polyglutamine diseases, patients with a repeat expansion above a critical
threshold form neuronal intranuclear inclusion bodies, one important hallmark of polyQ
diseases [182]. Further neuropathological features include a depigmentation of the substan‐
tia nigra as well as a pronounced atrophy of the cerebellum, pons and medulla oblongata,
altogether culminating in an overall reduced brain weight compared to healthy individu‐
als [183].

As most of the PolyQ disease proteins are ubiquitously expressed it still remains unclear
why only specific neuronal cell populations are prone to neurodegeneration. Many animal
models, like rodents, C.elegans and Drosophila, overexpressing specific forms of ATXN3 are
available  to  study the molecular  and phenotypic  aspects  of  MJD involving aggregation,
proteolysis and toxicity of expanded ATXN3, as well as the apparent neuroprotective role
of wild-type ATXN3 [184].

Kakizuka’s group was the first to demonstrate neurodegeneration and a neurological pheno‐
type in mice transgenic for the CAG repeat expansion [185]. Mouse models further provided
evidence for the subcellular site of pathogenesis, the processing and trafficking of the mutant
protein in order to cause cellular dysfunction and neuronal cell loss.

Pluripotent Stem Cells492

While some of the transgenic mouse models expressing the full-length ATXN3 under control
of various exogenous promoters were able to mimic some aspects of the disease, they all
overexpress only a single isoform of ATXN3. Taken this into account, a YAC MJD transgenic
model was established which more closely recapitulates the human disease as all elements,
including regulatory regions of the gene, are present [186]. Research in animal models of SCA
has now begun to focus on therapeutic strategies to prevent protein misfolding and aggrega‐
tion in polyglutamine diseases by overexpressing chaperones.

Koch et al [95], investigated the formation of early aggregates and their behavior in time by
making use of patient- specific IPS cell-derived neurons. They demonstrated that MJD-IPS cell
derived neurons constitute an appropriate cellular model in the study of aberrant human
protein processing. Moreover, they concluded that neurons are able to cope, at least in the
beginning, with the aggregated mutant material and cytotoxicity evolved over time. Besides,
a key role for the protease calpain in ATXN3-aggregation formation was found which could
further display a putative benefit of calpain inhibitors.

4.6. Familial dysautonomia and fragile X syndrome

Familial Dysautonomia (FD), also known as Riley-Day Syndrome or Hereditary Sensory
Autonomic Neuropathy (HSAN) Type III, is a rare autosomal recessive disease mostly
occurring in persons of Ashkenazi Jewish descent [187]. The disease is characterized by
degeneration of sensory and autonomic neurons, leading to severe and often lethal central and
peripheral autonomic perturbations, as well as small-fiber sensory dysfunction. The underly‐
ing mutation induces a splicing defect in the IkB kinase complex-associated protein (IKB‐
KAP) gene, which results in tissue-specific loss of function or reduced levels of the IKAP
protein [188]. Individuals affected with FD suffer from incomplete neuronal development as
well as progressive neuronal degeneration with the sensory and autonomic neurons mainly
affected [189].

Although the exact function of the IKAP protein is not clearly understood, researchers have
identified IKAP as the scaffold protein required for the assembly of a holo-elongator complex
[190]. As a consequence, an impaired transcriptional elongation of genes responsible for cell
motility is thought to be the cause for the observed cell migration deficiency in FD neurons
[191]. Besides, the IKAP protein is also thought to be involved in other cellular processes,
including tRNA and epigenetic modifications and exocytosis [192].

To better understand the function of IKAP, Dietrich et al. [193] created a mouse model with
two distinct alleles that result in either loss of Ikbkap expression, or expression of the mutated
truncated protein. Besides, a humanized IKBKAP transgenic mouse model for FD had been
created that recapitulated the tissue-specific splicing defect, i.e. skipping of exon 20, in nervous
tissues [194].

In order to untangle the tissue-specific pattern of IKBKAP mRNA splicing in FD, Boone et al.
[195] created a human olfactory ecto-mesenchymal stem cell (hOEMSC) model of FD. It has
been shown that these multipotent hOE-MSCs exhibit the potential to differentiate in vitro into
neurons, astrocytes, and oligodendrocytes as well as other cell types [196]. Classical features

Human Pluripotent Stem Cells Modeling Neurodegenerative Diseases
http://dx.doi.org/10.5772/55772

493



of the FD phenotype, like the expression of the mutant IKBKAP transcript, notably lower
IKBKAP levels as well as an impaired migration, were observed. Besides, drug testing
experiments with kinetin, which had been shown effective in previous studies [197], had the
potential to correct the splicing in a dose-dependent manner in FD hOE-MSCs.

Furthermore, IPS cells were generated from a patient with FD using the classical Yamanaka
factors and subsequently differentiated into neural crest derivatives [96]. This was one of the
earliest reports of a phenotype for a neurological disease to be modeled with IPS cells. FD-IPS
cell derived neural precursors showed particularly low levels of IKBKAP, mis-splicing of
IKBKAP, and defects in neurogenic differentiation and migration behavior. Again, the plant
hormone kinetin was tested as a candidate and showed a reduction of mutant IKBKAP splice
forms, an improvement in neuronal differentiation, but not in cell migration.

Fragile-X (FX) syndrome belongs to the autism spectrum disorders, and is the most common
cause of inherited mental retardation with a prevalence of 1/3600 [198]. In the vast majority of
cases, the disease is caused by a silencing of the FMR1 gene due to a CGG repeat expansion
(>200 repeats) in the 5-UTR of the FMR1 gene [199]. The FMR1 gene codes for the cytoplasmic
protein FMRP, which has RNA-binding properties and is thought to play a role in synaptic
plasticity and dendrite maturation. This could be demonstrated in histopathological studies
of FX where dendritic spine abnormalities were found [200].

Several animal models revealed important insights into the role of the FMR protein. A
Drosophila model showed a role of FRMP in the regulation of the microtubule network [201].

The first fmr1 KO mouse model was generated shortly after the discovery of the disease-
causing gene and showed classical clinical features of FXS like macroorchidism, learning
deficits, and hyperactivity[202].

Although current mouse models for FX syndrome are useful for studying the clinical pheno‐
type, they do not recapitulate the hallmark, i.e. silencing of the FMR1 gene due to the triplet
repeat expansion [203]. Loss of function studies using morpholino antisense oligonucleotides
in zebrafish revealed a function of FMRP in terms of normal axonal branching.

Primary and transformed cell cultures obtained with an unmethylated full mutation in the
FMR1 showed that the CGG expansion per se does not block transcription [204]. In undiffer‐
entiated human FX embryonic stem cells (FX-ES cells) derived from affected blastocyst-stage
embryos, FMR1 is expressed and gene silencing occurs only upon differentiation [205]
indicating a developmentally dependent process.

Recently, Urbach et al. [97] generated FX-IPS cell lines from three patients. In contrast to FX-
ES cells, FX-IPS cells presented with a transcriptionally silent FMR1 gene, both in the pluri‐
potent and differentiated states. This was reflected by corresponding epigenetic
heterochromatin modifications in the gene promoter. IPS cells were further differentiated into
neural derivatives and different potential epigenetic modifiers were tested. Amongst those, 5-
azacytidin showed an upregulation of FMR1 transcripts both in pluripotent as well as neuronal
FX-cells.
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5. Conclusions and perspectives

In this chapter we have described the first successful attempts to harness the IPS technology
for the generation of models for neurodegenerative diseases of the human nervous system.
The key advantage of IPS based models over animal models is that they offer researchers for
the first time a realistic chance to work in cell culture with large numbers of primary human
cells that closely resemble the postmitotic neurons affected by neurodegeneration.

The first studies in which patient-derived disease-susceptible cellular phenotypes were
compared with those of cells derived from healthy individuals, provide strong indications that
such cellular models reflect key pathological molecular and cellular aspects of the neurological
diseases. Therefore a future concept for patient-derived cellular models will be to correct
neuronal malfunctions diseases by in vitro treatment of affected cells. A first such attempts
aspect has been in the SMA models [91].

These in vitro treatments will include hypothesis driven approaches based on knowledge about
pathophysiological mechanisms. Equally important patient derived lines will be used as in
vitro assays for the screening of compound libraries. Drug safety screens with IPS cell-derived
neurons will help to reduce the animal dependency of the current drug development pipeline.
Finally, IPS cell technology will be an important driver of personalized medicine. Prior to
patient treatment drug types and doses can be tested on patient-derived IPS cells or differen‐
tiated progenies in order to tailor a personalized curative approach according to the individual
genetic and cellular profile.

There is even hope that the novel approach bypasses the laborious, time-consuming and
expensive IPS cell generation by direct reprogramming of mouse and human somatic cells into
functional neurons, called induced neurons (INs) [206;207], will come to fruition. Several
groups have already generated dopaminergic INs [208;209] and motor INs [210]. Patient-
specific INs could be generated to enhance the study of developmental disorders and other
neurological diseases [211]. The significant decrease in time and resources to derive neurons
directly from somatic cells justifies further investigation into this strategy.

But despite the enormous potential of IPS cell derived neurons for studies involving cell
biological, physiological and pharmacological methods important question remain to be
solved. One major drawback is that we still know very little about the specific cell biology of
IPS cells and even less of their neuronal derivatives. This includes for example changes in
chromatin structure and epigenetic signatures that accompany the reprogramming process.
And there is exceedingly little information about membrane physiology of the IPS cell- derived
neurons. Electrophysiological recordings and parallel studies of synaptic proteins and ion
specific channel composition should be a focus of future research.

We have already pointed out the difficulties to design specific differentiation protocols for
specific neuronal populations from IPS cells. The underlying hypothesis for all existing
protocols is that cells should be guided through a shortcut version of embryonic development.
A hindrance for progress in this regard is the lack of specific information of human embryonic
development since most of our knowledge about vertebrate brain development derives from
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work with rodents. Recent reports about surprising differences between rodent and human
developmental processes emphasize the demand for further comparative studies of human
and rodent brain development [36;44].

The biggest limitation of IPS cell models is that they do not offer straightforward possibilities
to study functions of neurons in vivo, as parts of the brain circuitries that regulate higher brain
functions and organismic behavior. Obviously, cellular models alone will never be able to
produce clinically important read-outs, such as memory dysfunction and behavioral changes
in AD, tremor, bradykinesia, and rigidity in PD, or reduced forced vital capacity, swallowing
dysfunction, dysarthria, or limb motor impairment in ALS. Therefore, in the foreseeable future
research on neurodegenerative diseases will combine in vitro and in vivo approaches. In vivo
transplantation of stem cell derivatives in relevant animal models could bring additional
information regarding the potential of hIPS cells for in vivo differentiation and their survival
in a pathological brain environment. This is first exemplified in a study of directed differen‐
tiation of IPS cells to midbrain neurons and their transplantation into a rat model of PD, which
led to functional recovery [64].

This result and many others that we summarized in this chapter raise hopes that IPS cells
derived from affected and healthy human individuals will provide a unique opportunity to
gain insights into the human pathophysiology and pharmacologic responses in yet incurable
neurodegenerative diseases.
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1. Introduction

Human induced pluripotent stem (hiPS) cells are generated with cellular reprogramming
factors [1], and they have the potential to differentiate into a variety of cells. Ethical issues
and graft-versus-host disease may be avoided with hiPS cells because they can be establish‐
ed in each patient individually. hiPS cells may therefore be an ideal cell source for patients.

The liver is a single large organ, the cells of which are 70–80% hepatocytes. These liver-spe‐
cific cells play a major role in protein synthesis, glucose metabolism, and detoxification.
Methods of producing hepatocytes from hiPS cells have been under development for some
time. In this chapter, we will cover the following topics:

• Hepatocyte culture

• Applications of hepatocyte culture

• Production of hepatocytes from human embryonic stem (hES) cells

• Protocols for differentiation of hiPS cells into hepatocytes

• Current applications of hepatocytes differentiated from hiPS cells

• Limitations of differentiation

• Future directions

First we will discuss primary hepatocyte culture. The knowledge on primary hepatocyte cul‐
ture is applicable to maintenance of hepatocytes differentiated from hiPS cells. Next, appli‐
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cation of hepatocyte culture will be discussed because the application would provide
potential usage of hiPS cells. Then production of hepatocytes from ES cells will be present‐
ed. Methods presented in this section are prototypes of differentiation protocols of hiPS cell
into hepatocytes. Sequentially, current protocols of differentiation of hiPS cells into hepato‐
cytes will be summarized. Applications of hepatotyes from hiPS cells will be presented spe‐
cific to human diseases such as hepatitis C virus. Even with the protocols above mentioned,
differentiation of hiPS cells to functioning hepatocytes is difficult. Limitations of differentia‐
tion will be discussed. Finally, potential new approaches will be presented in the last sec‐
tion.

2. Primary hepatocyte culture

Before the era of ES cells or iPS cells, primary hepatocyte culture had been the only method
to investigate differentiation and function of hepatocytes. The accumulated knowledge on
hepatocytes would be applicable to maintain hepatocytes differentiated from hiPS cells.
Hepatocyte culture is useful for developing drugs, cell therapies, and disease models. Pri‐
mary hepatocyte culture is an ideal in vitro model of drug metabolism and toxicology, and
primary hepatocytes can be transplanted into patients with liver failure [2]. Hepatocytes
from patients with metabolic diseases can be used to investigate disease mechanisms. How‐
ever, primary hepatocyte culture remains technically difficult. Hepatocytes are isolated from
a fragment of resected donor liver with a 2-step collagenase perfusion [2]. Fetal hepatocytes
(107 cells) have been transplanted into patients with hepatic encephalopathy [3], and while
the disease improved, there was no increase in survival time. The speculated reason is that
not enough cells were transplanted [4]. Isolated hepatocytes are prone to apoptosis and
damage [5] and have difficulty proliferating once cultured [6]. Primary hepatocyte culture
also presents ethical issues when cells are harvested from humans. Now hiPS cells could
overcome problems that primary hepatocyte culture encounters.

3. Application of hepatocytes differentiated from iPS cells

If hiPS cells could differentiate into hepatocytes, they would be useful for medical practice
and biological study. Potential applications would be as follows:

• Transplantation into patients with hepatic insufficiency

• A method to support patients with hepatic insufficiency such as hemodialysis

• Drug screening

• Toxicology

• In vitro model of hepatitis C virus infection

• In vitro model of hepatocyte differentiation
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• In vitro model of liver diseases

One of  the  most  important  applications  of  hepatocytes  from hiPS cells  would be  trans‐
plantation  into  patients  with  hepatic  insufficiency  caused  by  fulminant  hepatitis.  The
disease  could  be  treated  perfectly  with  transplanted  hepatocytes  because  it  is  caused
by  significant  loss  of  functioning  hepatocytes.  Hepatic  progenitor  cells  have  potential
to  differentiate  into  mature  hepatocytes  and  bile  duct  epithelial  cells.  Hepatic  progeni‐
tor  cells  would  be  expected  to  construct  normal  liver  structure  such  as  hepatic  lobule
and bile  ducts.  Hepatic  progenitor  cells  derived from mouse  embryonic  stem (ES)  cells
engraft  in  host  liver  tissue  and  differentiate  into  hepatocytes  when  transplanted  into
partially  hepatectomized mice  [7].  Hepatocytes  will  also  engraft  in  mice  with  acute  liv‐
er  failure  caused  by  carbon  tetrachloride  intoxication  [8].  This  is  a  promising  finding
that  suggests  that  hepatocytes  from  pluripotent  cells  are  transplantable.  Hepatocytes
have  indeed  been  differentiated  from human ES  cells  and  transplanted  [9].  One  disad‐
vantage  of  the  use  of  human  ES  cells  is  that  they  may  provoke  graft-versus-host  dis‐
ease.  This  could  be  overcome  if  hepatocytes  are  derived  from  iPS  cells  established
from  the  individual  patient.  Patients  with  acute  liver  failure  could  be  successfully
treated in this  manner.

Another application of hepatocytes from hiPS cells would be metabolic diseases. The disease
could be cured with transplantation of functioning hepatocytes because they play pivotal
roles in metabolism. High levels of low-density lipoprotein cholesterol (LDL-Chol) in the
plasma is known to cause cardiovascular disease. Successful reduction of LDL-Chol may
lead to prevention of cardiovascular disease. Mutations in the LDL receptor gene result in
familial hypercholesterolemia (FH); iPS cells derived from patients with FH provide a good
model for analyzing the mechanism of this condition [10].

4. Differentiation of ES cells into hepatocytes

Cultured primary hepatocytes do not proliferate but disappear and lose their function
quickly. Pluripotent stem cells have been focused as a cell source of hepatocytes. Before the
advent of iPS cells, ES cells had been the center of investigation of differentiation methods
into hepatocytes. The topics of the investigation have been growth factors, transcription fac‐
tors, extracellular matrix, and three-dimensional (3D) culture

Mouse ES cells  start  differentiation into the hepatocyte lineage once leukemia inhibitory
factor  (LIF)  is  deprived  and  embryoid  bodies  are  formed  [11-13].  Hepatocyte-like  cells
derived from mouse ES cells take up indocyanine green, express albumin, and form bile
canaliculi  [14].  The induced cells  express specific  live genes such as α-1-antitrypsin and
phosphoenolpyruvate  carboxykinase  (PEPCK).  Withdrawal  of  LIF  is  not  an  appropriate
method for  inducing hiPS cell  differentiation because these  cells  are  not  LIF  dependent
[15].  Human ES  cells  differentiate  into  mesoderm,  endoderm,  and ectoderm after  with‐
drawal of the LIF and basic fibroblast growth factor (bFGF) [16],  but they do not neces‐
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from patients with metabolic diseases can be used to investigate disease mechanisms. How‐
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a fragment of resected donor liver with a 2-step collagenase perfusion [2]. Fetal hepatocytes
(107 cells) have been transplanted into patients with hepatic encephalopathy [3], and while
the disease improved, there was no increase in survival time. The speculated reason is that
not enough cells were transplanted [4]. Isolated hepatocytes are prone to apoptosis and
damage [5] and have difficulty proliferating once cultured [6]. Primary hepatocyte culture
also presents ethical issues when cells are harvested from humans. Now hiPS cells could
overcome problems that primary hepatocyte culture encounters.

3. Application of hepatocytes differentiated from iPS cells

If hiPS cells could differentiate into hepatocytes, they would be useful for medical practice
and biological study. Potential applications would be as follows:
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Another application of hepatocytes from hiPS cells would be metabolic diseases. The disease
could be cured with transplantation of functioning hepatocytes because they play pivotal
roles in metabolism. High levels of low-density lipoprotein cholesterol (LDL-Chol) in the
plasma is known to cause cardiovascular disease. Successful reduction of LDL-Chol may
lead to prevention of cardiovascular disease. Mutations in the LDL receptor gene result in
familial hypercholesterolemia (FH); iPS cells derived from patients with FH provide a good
model for analyzing the mechanism of this condition [10].

4. Differentiation of ES cells into hepatocytes

Cultured primary hepatocytes do not proliferate but disappear and lose their function
quickly. Pluripotent stem cells have been focused as a cell source of hepatocytes. Before the
advent of iPS cells, ES cells had been the center of investigation of differentiation methods
into hepatocytes. The topics of the investigation have been growth factors, transcription fac‐
tors, extracellular matrix, and three-dimensional (3D) culture

Mouse ES cells  start  differentiation into the hepatocyte lineage once leukemia inhibitory
factor  (LIF)  is  deprived  and  embryoid  bodies  are  formed  [11-13].  Hepatocyte-like  cells
derived from mouse ES cells take up indocyanine green, express albumin, and form bile
canaliculi  [14].  The induced cells  express specific  live genes such as α-1-antitrypsin and
phosphoenolpyruvate  carboxykinase  (PEPCK).  Withdrawal  of  LIF  is  not  an  appropriate
method for  inducing hiPS cell  differentiation because these  cells  are  not  LIF  dependent
[15].  Human ES  cells  differentiate  into  mesoderm,  endoderm,  and ectoderm after  with‐
drawal of the LIF and basic fibroblast growth factor (bFGF) [16],  but they do not neces‐
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sarily differentiate into hepatocytes. Therefore, growth factors are expected to be needed
for hepatocyte differentiation from human ES cells. Nerve growth factor (NGF) and hep‐
atocyte  growth  factor  (HGF)  induce  differentiation  into  endoderm  and  eventually  liver
cells  [17].  Transcription factors also play an important role in hepatocyte differentiation.
Transcription factor forkhead box protein (Fox) A2 promotes differentiation of mouse ES
cell into the hepatocyte lineage [18], and these hepatocye-like cells express phosphoenol‐
pyruvate (PEPCK) and albumin.

To search for more efficient protocols to promote differentiation of ES cells into hepatoctyes,
combinations of growth factors and extracellular matrices have been investigated [19]. Shira‐
hashi et al. reported that a mixture of Iscove’s modified Dulbecco’s medium with 20% fetal
bovine serum, human insulin, dexamethasone, and type 1 collagen is optimum for mouse
and human ES cell differentiation into the hepatocyte lineage. Bovine serum should not be
used because xeno-proteins are not suitable for human application. This study suggests that
extracellular matrix is important in hepatocyte differentiation.

Hepatic  progenitor  cells  differentiate  into  hepatocytes  in  3D structure  in  liver.  It  is  ex‐
pected that 3D culture is more suitable environment for ES cells to differentiate into hep‐
atocytes.  Indeed,  3D  cultures  of  mouse  ES  cells  have  been  shown  to  differentiate  into
hepatocytes [20]. Embryoid bodies (EB) were inserted into a collagen scaffold 3D culture
system and stimulated with exogenous growth factors and hormones to produce hepatic
differentiation.

Hepatocytes  should  be  isolated  from  the  other  cells  because  ES  cells  could  be  among
hepatocytes. Undifferentiated cells have been shown to form teratoma when transplanted
into  recipient  cells  mixed with  hepatocytes  [21].  A  practical  method to  avoid  this  is  to
enrich  the  hepatocytes  and eliminate  the  undifferentiated cells  by  Percoll  discontinuous
gradient centrifugation [22, 23].

Rambhatla et al. [24] reported that the addition of sodium butylate leads to significant cell
death and induction of hepatocyte differentiation in human ES cells. Cells cultured with so‐
dium butylate express albumin, α-1-antitrypsin, and cytochrome P450 and also accumulate
glycogen. However, the induced cells do not express alpha-fetoprotein (AFP). Sodium buty‐
late is a possible candidate for a small molecule to eliminate undifferentiated cells and in‐
duce hepatic differentiation.

5. Protocols for differentiation of hiPS cells into hepatocytes

Protocols for differentiation of hiPS cells into hepatocytes follow those for mouse ES cells as
mentioned above. Stepwise protocols are currently used to promote the differentiation
[25-28] (Table 1). These protocols consist of sequential application of growth factors and in‐
troduction of transcription factors to mimic hepatocyte differentiation during liver develop‐
ment. The progression is endodermal cell, immature hepatocyte (often referred as
hepatoblast), and finally mature hepatocyte.
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DeLaForest [25] D0-5 D5-10 D10-15 D15-20

Activin A, LY294002 BMP4, FGF2 HGF OncoM

S-Tayeb [26] D0-5 D5-10 D10-15 D15-20

O2: 20% O2: 4% O2: 4% O2: 20%

Activin A BMP4, FGF2 HGF OncoM

Song [27] D0-3 D4-7 D8-13 D14-18 D19-21

Activin A FGF4, BMP3 HGF, KGF OncoM OncoM, Dex

D: day; BMP4: bone morphogenic protein 4; FGF: fibroblast growth factor 2; HGF: hepatocyte growth factor; OncoM:
oncostatin M; KGF: keratinocyte growth factor; Dex: dexamethasone.

Table 1. Protocols for hepatocyte differentiation from human induced pluripotent stem cells.

6. Endodermal differentiation

All differentiation protocols apply activin A (a member of the tumor growth factor β super‐
family) at a high concentration of 100-ng/mL. LY294002 (a specific inhibitor of phosphatidyl-
inositol 3 phosphatase), B27 supplement, or bFGF are added, depending on the purpose of
the research. After 3–5 days of culture, iPS cells differentiate into endodermal cells. From
days 5–10, a combination of bone morphogens 2 or 4 and fibroblast growth factors 2 or 4 is
applied. Takayama et al. [28] introduced sex-determining region Y box 17 to promote differ‐
entiation at this stage after incubation with activin A. Sekine et al. [29] used LY294002 in ad‐
dition to 100-ng/mL activin A. In their study, FoxA2 and Sox17 expressions appeared but
AFP and albumin were not analyzed. Phosphatidyl inositol (PI) 3 kinase may control differ‐
entiation of iPS cells into endodemal cells, but other factors are still needed.

7. Differentiation into immature hepatocytes

Hepatocyte growth factor (HGF) or keratinocyte growth factor (KGF) is applied from days
10–14. Inamura et al. introduced hematopoietically expressed homeobox (HEX) to promote
differentiation into hepatoblasts [30].

8. Differentiation into mature hepatocytes

HGF or oncostatin M is added to promote differentiation of hepatoblasts into mature hepa‐
tocytes. Takayama et al. [28] introduced hepatocyte nuclear factor-4 to provide the terminal
differentiation of hepatoblasts into hepatocytes. Mature hepatocytes appeared at approxi‐
mately 20 days after the initiation of the differentiation process. Si-Tayeb et al. [26] cultured
cells under 4% oxygen from days 5 to 15.

In another study, Nakamura et al. [31] derived hepatocytes from human ES and iPS cells un‐
der feeder- and serum-free conditions. They succeeded in producing cholangiocytes and
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and human ES cell differentiation into the hepatocyte lineage. Bovine serum should not be
used because xeno-proteins are not suitable for human application. This study suggests that
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Hepatic  progenitor  cells  differentiate  into  hepatocytes  in  3D structure  in  liver.  It  is  ex‐
pected that 3D culture is more suitable environment for ES cells to differentiate into hep‐
atocytes.  Indeed,  3D  cultures  of  mouse  ES  cells  have  been  shown  to  differentiate  into
hepatocytes [20]. Embryoid bodies (EB) were inserted into a collagen scaffold 3D culture
system and stimulated with exogenous growth factors and hormones to produce hepatic
differentiation.

Hepatocytes  should  be  isolated  from  the  other  cells  because  ES  cells  could  be  among
hepatocytes. Undifferentiated cells have been shown to form teratoma when transplanted
into  recipient  cells  mixed with  hepatocytes  [21].  A  practical  method to  avoid  this  is  to
enrich  the  hepatocytes  and eliminate  the  undifferentiated cells  by  Percoll  discontinuous
gradient centrifugation [22, 23].

Rambhatla et al. [24] reported that the addition of sodium butylate leads to significant cell
death and induction of hepatocyte differentiation in human ES cells. Cells cultured with so‐
dium butylate express albumin, α-1-antitrypsin, and cytochrome P450 and also accumulate
glycogen. However, the induced cells do not express alpha-fetoprotein (AFP). Sodium buty‐
late is a possible candidate for a small molecule to eliminate undifferentiated cells and in‐
duce hepatic differentiation.

5. Protocols for differentiation of hiPS cells into hepatocytes

Protocols for differentiation of hiPS cells into hepatocytes follow those for mouse ES cells as
mentioned above. Stepwise protocols are currently used to promote the differentiation
[25-28] (Table 1). These protocols consist of sequential application of growth factors and in‐
troduction of transcription factors to mimic hepatocyte differentiation during liver develop‐
ment. The progression is endodermal cell, immature hepatocyte (often referred as
hepatoblast), and finally mature hepatocyte.
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All differentiation protocols apply activin A (a member of the tumor growth factor β super‐
family) at a high concentration of 100-ng/mL. LY294002 (a specific inhibitor of phosphatidyl-
inositol 3 phosphatase), B27 supplement, or bFGF are added, depending on the purpose of
the research. After 3–5 days of culture, iPS cells differentiate into endodermal cells. From
days 5–10, a combination of bone morphogens 2 or 4 and fibroblast growth factors 2 or 4 is
applied. Takayama et al. [28] introduced sex-determining region Y box 17 to promote differ‐
entiation at this stage after incubation with activin A. Sekine et al. [29] used LY294002 in ad‐
dition to 100-ng/mL activin A. In their study, FoxA2 and Sox17 expressions appeared but
AFP and albumin were not analyzed. Phosphatidyl inositol (PI) 3 kinase may control differ‐
entiation of iPS cells into endodemal cells, but other factors are still needed.

7. Differentiation into immature hepatocytes

Hepatocyte growth factor (HGF) or keratinocyte growth factor (KGF) is applied from days
10–14. Inamura et al. introduced hematopoietically expressed homeobox (HEX) to promote
differentiation into hepatoblasts [30].

8. Differentiation into mature hepatocytes

HGF or oncostatin M is added to promote differentiation of hepatoblasts into mature hepa‐
tocytes. Takayama et al. [28] introduced hepatocyte nuclear factor-4 to provide the terminal
differentiation of hepatoblasts into hepatocytes. Mature hepatocytes appeared at approxi‐
mately 20 days after the initiation of the differentiation process. Si-Tayeb et al. [26] cultured
cells under 4% oxygen from days 5 to 15.

In another study, Nakamura et al. [31] derived hepatocytes from human ES and iPS cells un‐
der feeder- and serum-free conditions. They succeeded in producing cholangiocytes and
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proliferating progenitors. The cells produced with their protocol were confirmed to function
as mature hepatocytes. Indocyanine green was taken up by 30% of the hepatocytes, and 80%
stored glycogen. They also maintained the metabolic activity of CYP3A4.

Chen et al. [32] proposed another multistep protocol. They do not apply any transcription
factors, but growth factors. They have succeeded in differentiation of hiPS cells into mature
hepatocytes within only 12 days. The period is significantly shorter than the other research‐
ers. With their method, activin A (100 ng/mL) and HGF (10 ng/mL) were added from days 1
to 3, and prior to that, HGF had been added at the last step of hepatocyte maturation. They
also added HGF at the first step of differentiation and successfully derived hepatocyte-like
cells. Sox17 and FoxA2, induced by activin A, are important markers of endodermal differ‐
entiation. HGF and activin A may have synergistic effects on the differentiating cells.

Transcription factors play an important role in liver development and hepatocyte differentia‐
tion [33]. Generally, pluripotent stem cells are hard to transfect plasmids. Adenovirus vectors
provide highly efficient transduction to hiPS cells [34]. Inamura et al. [30] transduced HEX into
hES and hiPS cells to efficiently produce hepatoblasts (Table 2). After differentiation into hepa‐
toblasts, transduction of HNF4α finally produces mature hepatocytes [28].

Inamura [34] D0-6 D6-8 D9-18

Activin A BMP4, FGF4 FGF4, HGF, OncoM, Dex

D5: passage, D6:Ad-Hex D9: passage

Takayama [28] D0-3 D3-6 D7-9 D10-20

Activin A Activin A BMP4, FGF4 HGF, OncoM, Dex

D3: Ad-Sox17 D5: passage, D6: Ad-Hex D9: Ad-HNF4A

BMP4: bone morphogen protein 4; FGF4: fibroblast growth factor 4; HGF: hepatocyte growth factor; OncoM: oncosta‐
tin M; Dex: dexamethasone; Ad-Hex, Sox17, HNF4A: adenovirus vector transducing Hex, Sox17, and HNF4A, respec‐
tively; Hex: hematopoietically expressed homeobox; Sox17: sex determining region Y box 7; HNF4A: hepatocyte
nuclear factor 4 α.

Table 2. Protocols for hepatocyte differentiation from human induced pluripotent stem cells with adenovirus vectors.

9. Current applications of hepatocytes differentiated from hiPS cells

Hepatocytes from hiPS cells are perfect for in vitro model of human diseases because human
primary hepatocytes have both ethical and technical issues. Hepatitis C virus (HCV) causes
liver cirrhosis and hepatocellular carcinoma (HCC). Primary human hepatocyte culture is a
relevant in vitro model for HCV infection, but it presents some ethical issues. Human iPS
cells are not permissive to HCV. Interestingly, hepatocyte-like cells derived from hiPS cells
recapitulate permissiveness and are infected with HCV [35, 36]. Hepatocyte-like cells de‐
rived from hiPS cells exert an inflammatory response to infection [37] and may provide a
suitable in vitro model to study the mechanism of HCV infection. Such a model may poten‐
tially lead to innovative methods to inhibit HCV and prevent liver cirrhosis and HCC.
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Hepatocyte-like cells derived from mouse iPS cells have been shown to improve acute liver
failure caused by carbon tetrachloride [38]. These cells were transplanted through peritoneal
injection and significantly reduced the extent of necrotic liver. The authors concluded that
the hepatoprotective effects were based on antioxidant activity.

10. Limitations of hepatocytes differentiated from hiPS cells

Cells cultured under the protocols mentioned above are referred to as hepatocyte-like cells.
In these cells, detoxification activity is lower than in primary hepatocyte culture [26, 28].
Hepatocytes differentiated from hiPS cells have lower expression levels of FoxA1, FoxA2,
FoxA3, and HNF1α, and Takayama et al. [28] speculated that other factors are still needed.
iPS cells retain their donor cell gene expressions. Lee et al. [35] generated mouse iPS cells
from hepatoblasts and adult hepatocytes. Hepatocytes differentiated from hiPS cells express
mRNA that is normally not found in fetal or adult liver [25]. An interesting finding is that
hepatocytes are differentiated more efficiently from hepatoblast-derived iPS cells than from
adult hepatocytes. This suggests that the efficiency of hepatocyte differentiation may de‐
pend on the origin of the iPS cells. Protocols need to be further developed given that the
mentioned liver-specific genes are important for clinical and pharmacological applications.

11. Future directions

To overcome these limitations, novel approaches are under investigation. Current research
efforts can be categorized into extracellular matrix, 3D culture, and cell sheet approaches.

An extracellular matrix (ECM) provides conditions suitable for cultured cells to differentiate
to hepatocytes. M15, a mesonephric cell line, induces differentiation of mouse ES cells into
the hepatocyte lineage [39]. Eighty percent of mouse ES cells cultured with M15 express
AFP, and 9% express albumin. It is interesting that even the fixed M15 cells can promote
mouse ES cell differentiation. Shiraki et al. reported a synthesized basement membrane com‐
posed of human recombinant laminin 511 [40] that induced differentiation of mouse ES cells
into hepatocyte lineages.

A 3D culture system is composed of gelatin and extracellular matrix from Swiss 3T3 cells
[41]. This system preserves the functions of hepatocyte-like cells differentiated from hiPS
cells. The most important component of the ECM has been determined to be type 1 collagen.

Cells are 3D cultured in hollow fibers similar to embryoid bodies. Hollow fibers are useful
because the efficiency of embryoid body formation is low compared with mouse ES cells,
which also differentiate into hepatocytes in hollow fibers [42]. The organoid culture system
efficiently allows mouse ES cells to form cellular aggregates in their lumen. Liver-specific
functions of mouse ES cells are comparable with those of primary hepatocytes.

Primary rat hepatocytes have been successfully cultured for 200 days on temperature-respon‐
sive sheets [43]. These sheets attach on the bottoms of culture dishes at 37ºC and detach at 25ºC.
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proliferating progenitors. The cells produced with their protocol were confirmed to function
as mature hepatocytes. Indocyanine green was taken up by 30% of the hepatocytes, and 80%
stored glycogen. They also maintained the metabolic activity of CYP3A4.

Chen et al. [32] proposed another multistep protocol. They do not apply any transcription
factors, but growth factors. They have succeeded in differentiation of hiPS cells into mature
hepatocytes within only 12 days. The period is significantly shorter than the other research‐
ers. With their method, activin A (100 ng/mL) and HGF (10 ng/mL) were added from days 1
to 3, and prior to that, HGF had been added at the last step of hepatocyte maturation. They
also added HGF at the first step of differentiation and successfully derived hepatocyte-like
cells. Sox17 and FoxA2, induced by activin A, are important markers of endodermal differ‐
entiation. HGF and activin A may have synergistic effects on the differentiating cells.

Transcription factors play an important role in liver development and hepatocyte differentia‐
tion [33]. Generally, pluripotent stem cells are hard to transfect plasmids. Adenovirus vectors
provide highly efficient transduction to hiPS cells [34]. Inamura et al. [30] transduced HEX into
hES and hiPS cells to efficiently produce hepatoblasts (Table 2). After differentiation into hepa‐
toblasts, transduction of HNF4α finally produces mature hepatocytes [28].
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Activin A BMP4, FGF4 FGF4, HGF, OncoM, Dex
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Takayama [28] D0-3 D3-6 D7-9 D10-20
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BMP4: bone morphogen protein 4; FGF4: fibroblast growth factor 4; HGF: hepatocyte growth factor; OncoM: oncosta‐
tin M; Dex: dexamethasone; Ad-Hex, Sox17, HNF4A: adenovirus vector transducing Hex, Sox17, and HNF4A, respec‐
tively; Hex: hematopoietically expressed homeobox; Sox17: sex determining region Y box 7; HNF4A: hepatocyte
nuclear factor 4 α.

Table 2. Protocols for hepatocyte differentiation from human induced pluripotent stem cells with adenovirus vectors.

9. Current applications of hepatocytes differentiated from hiPS cells

Hepatocytes from hiPS cells are perfect for in vitro model of human diseases because human
primary hepatocytes have both ethical and technical issues. Hepatitis C virus (HCV) causes
liver cirrhosis and hepatocellular carcinoma (HCC). Primary human hepatocyte culture is a
relevant in vitro model for HCV infection, but it presents some ethical issues. Human iPS
cells are not permissive to HCV. Interestingly, hepatocyte-like cells derived from hiPS cells
recapitulate permissiveness and are infected with HCV [35, 36]. Hepatocyte-like cells de‐
rived from hiPS cells exert an inflammatory response to infection [37] and may provide a
suitable in vitro model to study the mechanism of HCV infection. Such a model may poten‐
tially lead to innovative methods to inhibit HCV and prevent liver cirrhosis and HCC.
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Hepatocyte-like cells derived from mouse iPS cells have been shown to improve acute liver
failure caused by carbon tetrachloride [38]. These cells were transplanted through peritoneal
injection and significantly reduced the extent of necrotic liver. The authors concluded that
the hepatoprotective effects were based on antioxidant activity.

10. Limitations of hepatocytes differentiated from hiPS cells

Cells cultured under the protocols mentioned above are referred to as hepatocyte-like cells.
In these cells, detoxification activity is lower than in primary hepatocyte culture [26, 28].
Hepatocytes differentiated from hiPS cells have lower expression levels of FoxA1, FoxA2,
FoxA3, and HNF1α, and Takayama et al. [28] speculated that other factors are still needed.
iPS cells retain their donor cell gene expressions. Lee et al. [35] generated mouse iPS cells
from hepatoblasts and adult hepatocytes. Hepatocytes differentiated from hiPS cells express
mRNA that is normally not found in fetal or adult liver [25]. An interesting finding is that
hepatocytes are differentiated more efficiently from hepatoblast-derived iPS cells than from
adult hepatocytes. This suggests that the efficiency of hepatocyte differentiation may de‐
pend on the origin of the iPS cells. Protocols need to be further developed given that the
mentioned liver-specific genes are important for clinical and pharmacological applications.

11. Future directions

To overcome these limitations, novel approaches are under investigation. Current research
efforts can be categorized into extracellular matrix, 3D culture, and cell sheet approaches.

An extracellular matrix (ECM) provides conditions suitable for cultured cells to differentiate
to hepatocytes. M15, a mesonephric cell line, induces differentiation of mouse ES cells into
the hepatocyte lineage [39]. Eighty percent of mouse ES cells cultured with M15 express
AFP, and 9% express albumin. It is interesting that even the fixed M15 cells can promote
mouse ES cell differentiation. Shiraki et al. reported a synthesized basement membrane com‐
posed of human recombinant laminin 511 [40] that induced differentiation of mouse ES cells
into hepatocyte lineages.

A 3D culture system is composed of gelatin and extracellular matrix from Swiss 3T3 cells
[41]. This system preserves the functions of hepatocyte-like cells differentiated from hiPS
cells. The most important component of the ECM has been determined to be type 1 collagen.

Cells are 3D cultured in hollow fibers similar to embryoid bodies. Hollow fibers are useful
because the efficiency of embryoid body formation is low compared with mouse ES cells,
which also differentiate into hepatocytes in hollow fibers [42]. The organoid culture system
efficiently allows mouse ES cells to form cellular aggregates in their lumen. Liver-specific
functions of mouse ES cells are comparable with those of primary hepatocytes.

Primary rat hepatocytes have been successfully cultured for 200 days on temperature-respon‐
sive sheets [43]. These sheets attach on the bottoms of culture dishes at 37ºC and detach at 25ºC.
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They provide easy culturing and handling of cells. Primary rat hepatocytes have preserved liv‐
er-specific functions for 28 days in hybrid sheets with endothelial cells [44]. This system ena‐
bles easy manipulation of iPS cells and may promote differentiation into hepatocytes.

12. Conclusion

Human iPS cells are a promising source for hepatocytes and may be used for drug screen‐
ing, for cell transplantation, and as a model for studying human diseases. Protocols have
been presented for the differentiation of human iPS cells into hepatocytes; however, the dif‐
ferentiated cells have limited hepatocyte characteristics. In the future, as more sophisticated
methods are expected to be developed, new applications of these cells will be realized.
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1. Introduction

The potential use of stem cells in advanced therapies such as tissue engineering, regenerative
medicine, cell therapy and gene therapy by virtue of their significant therapeutic potential and
clinical applications has aroused keen interest among scientists [1,2]. Cell therapy is based on
the transplantation of living cells into an organism with a view to repairing tissue or restoring
a lost or deficient function. Stem cells are the most frequently used cells for such purposes
given their ability to differentiate into other more specialized cells [3].

The chief defining feature of stem cells is their capacity for self-renewal and their ability to
differentiate into cells of various lineages. Stem cells can be classified on the basis of their
potency and their source into (i) Totipotent stem cells (zygote and 2-4 cell embryo), since these
cells are capable of giving rise to the entire organism (both embryonic and extra-embryonic
tissues); (ii) Pluripotent stem cells (embryonic stem and embryonic germ cells), which can give
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tissues); (ii) Pluripotent stem cells (embryonic stem and embryonic germ cells), which can give
rise to derivatives of all three germ layers (embryonic tissues only, but not the extra-embryonic
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The possibility to generate induced pluripotent stem cells (iPSCs) by reprogramming somatic
stem cells through the introduction of certain transcription factors [7-12] is radically trans‐
forming received scientific wisdom. The pluripotency of these cells, which enables them to
differentiate into cells of all three germ layers (endoderm, mesoderm, and ectoderm), makes
them an extremely valuable tool for the potential design of cell therapy protocols. iPSC
technology can indeed allow the development of patient-specific cell therapy protocols [13] as
the use of cells like iPSCs, which are genetically identical to the donor, may protect the
individual from immune rejection. Furthermore, unlike embryonic stem cells, iPSCs are not
associated with bioethical problems and are considered a "consensus" alternative that does not
require use of human oocytes or embryos and is therefore not subject to any specific regula‐
tions. Lastly, iPSCs are very similar to embryonic stem cells as far as their molecular and
functional characteristics are concerned [14-15].

Although research into iPSCs is still at an early stage, interesting results have already been
obtained in a number of monogenic and polygenic diseases of different etiologies: cardiovas‐
cular and liver diseases, immunologic, infectious, metabolic diseases, rare diseases and cancer
[16-19]. Researchers have also looked into the application of iPSCs to toxigological and
pharmacological screening for the presence of toxic and teratogenic substances [20].

Stem cell therapy is emerging as a new concept of medical application in pharmacology. For
all practical purposes, human embryonic stem cells are used in 13% of treatments, whereas
fetal stem cells are used in 2%, umbilical cord stem cells in 10%, and adult stem cells in 75% of
cases. The most significant treatment indications for gene and cell therapy have so far been
cardiovascular and ischemic diseases, diabetes, hematopoietic diseases, liver diseases and,
more recently, orthopaedics [21]. For example, over 25,000 transplants of hematopoietic stem
cells are performed every year for treatment of lymphoma, leukemia, immunodeficiency
disorders, congenital metabolic defects, hemoglobinopathies, and myelodysplastic and
myeloproliferative syndromes [22].

Each type of stem cell has its own advantages and disadvantages, which vary depending on
the different treatment protocols and the requirements of each clinical condition. Thus,
embryonic stem cells have the advantages of being pluripotent, easy to isolate and highly
productive in culture, in addition to showing a high capacity to integrate into fetal tissue during
development. By contrast, their disadvantages include immune rejection and the possibility
that they may spontaneously and uncontrollably differentiate into inadequate cell types or
even induce tumors. Adult stem cells have a high differentiation potential, are less likely to
induce an undesirable immune response and may be stimulated by drugs. Their disadvantages
include that they are scarce and difficult to harvest, grown slowly, differentiate poorly in
culture and are difficult to handle and produce in adequate amounts for transplantation. In
addition, they behave differently depending on the source tissue, show telomere shortening,
and may carry the genetic abnormalities inherited or acquired by the donor.

At least three different strategies are available for proper use of stem cells. The first one is
stimulation of endogenous stem cells by growth factors, cytokines, and second messengers,
which must be able to induce tissue self-repair. The second alternative is direct administration
of the cells so that they differentiate at the damaged or non-functional tissue sites. The third
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possibility is transplantation of cells, tissues, or organs taken from cultures of stem cell-derived
differentiated cells. The US Food and Drug Administration defines somatic cell therapy as the
administration to humans of autologous, allogeneic or xenogeneic living non-germline cells,
other than transfusion blood products, which have been manipulated, processed, propagated
or expanded ex vivo, or are drug-treated.

The most significant applications of cell therapy as a whole are expected to be related to the
treatment of organ-specific conditions such as diabetes —a typically metabolic disease—, liver
and cardiovascular conditions, immunological disorders and hereditary monogenic diseases
such as haemophilia. As one of the key advanced therapies —together with gene therapy and
tissue engineering— cell therapy will require a new legal framework that affords generalized
patient accessibility to these products and that allows governments to discharge their regula‐
tory and control duties. In this respect, the main advantage of iPSCs lies in the fact that their
use does not raise bioethical questions, which means that regulatory provisions governing
their use need not be overly stringent.

2. Induced pluripotent stem cells technology and general clinical
applications

iPSCs are obtained through the reprogramming of an individual's somatic stem cells by the
introduction of certain transcription factors. Their chief value is based on their pluripotency
to differentiate into cells of all three germ layers, which makes them an useful tool for the
discovery of new drugs and the establishment of cell therapy programs.

iPSC technology makes it possible to develop patient-specific cell therapy protocols as they
are genetically identical to the donor and thus prevent the occurrence of an immune rejection
in autologous transplantations. Moreover, unlike embryonic stem cells, they are not associated
with any ethical controversies and therefore regulatory conditions governing their use are
much less stringent.

Induced pluripotent stem cells were generated for the first time by Shinya Yamanaka's team
[8] from murine and human fibroblasts by transfecting certain transcription factors (Oct4, Sox2,
c-Myc, and Klf4) by means of retroviral vectors. (Figure 1). Thomson et al. replicated Yama‐
naka's experiments with human cells and two additional factors: Nanog and Lin28, which
rendered the reprogramming process more efficient [9].

The same group developed an alternative reprogramming method using non-integrating
episomal vectors derived from the Epstein-Barr virus (oriP/EBNA1), which may be maintained
in a stable form in transfected cells by pharmacological selection [23]. Nonetheless, it was later
reported that only two transcription factors (Oct4 and Klf4) are needed for generating the iPSCs
from neural stem cells that endogenously express high Sox2 concentrations [24].

All of these strategies require transfection through retroviral vectors and integration for in
vitro and in vivo modeling, which precludes their clinical use because of the potential risks
involved. This is the reason why several research teams have looked into the reprogramming
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of cells using plasmid vector rather than viral vector transfection [10-12]. Although reprog‐
ramming efficacy with plasmid vectors is lower ―as is also the case with non viral gene
therapy― this method significantly increases the safety of the procedure, which makes it
clinically applicable and also constitutes a source of valuable cell material that can be used for
research into reprogramming and pluripotency.

Another promising strategy consists in the direct release of reprogramming proteins through
modified versions of reprogramming factors in some of their molecular domains. These
protein-induced pluripotent stem cells (piPSCs) bind to the membrane of cells reaching their
nucleus [25]. Ding et al., have also shown that the addition of two signal transduction inhibitors
and certain cell-survival promoting chemicals (e.g. thiazovivin) can induce a 200-fold increase
in reprogramming efficacy [26].

As explained above, iPSCs technology makes it possible to establish patient-specific cell
therapy protocols [13]. On the one hand, this reduces the risk of immune rejection in autologous
transplantations by virtue of gene identity. On the other, it provides treatment that is custom‐
ized to the specific characteristics of each patient and takes into account the etiology and
severity of the condition. Moreover, induction of pluripotency has been developed for a great
variety of tissue types [9,24,27] as it is a relatively straightforward procedure and —as
mentioned above— subject to fewer regulatory constraints [28].

Important as these advantages are, there are still a few uncertainties that need to be resolved.
One of the most pressing ones is related to determining the likelihood that these iPSCs may
undergo genetic aberrations further to the reprogramming process [29].

Figure 1. Generation of human induced pluripotent stem cells for use in cell therapy, in vitro human pathology mod‐
elling and in drug discovery. Reprogramming of human somatic cells can be induced by: Viral transfection of Oct4,
Sox2, c-Myc, Klf4, Nanog and Lin28 genes; non-viral methods using a nonintegrating episomal vector derived from
Epstein-Barr virus (oriP/EBNA1), plasmid vectors or piggyBac transposon/transposase systems; direct delivery of the re‐
programming proteins (piPSCs) and signal transduction inhibitors and chemical promoters cell survival.
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In order for the clinical application of these cells to become a reality both for diagnostic
purposes and for the design of cell therapy protocols, a few methodological hurdles must still
be resolved in connection, as is often the case with pharmacological products, with their safety
profile [30]. This means basically that efforts must be directed at removing the genome in the
integrating viral vectors, eliminating the risk of tumor formation and establishing more
efficient reprogramming and differentiation protocols. Clearly our knowledge on the reprog‐
ramming mechanisms leading to pluripotency are still insufficient to understand and more
importantly control the adverse events that could potentially occur. Therefore the most
important goal for research in this field will be to study genetic modifications in animal models
by means of large-scale genome sequencing programs. This task will require sharing cell lines
with other researchers, with appropriate confidentiality protections and, eventually, patenting
scientific discoveries and developing commercial tests and therapies. It will also be necessary
to fully ascertain and confirm that pluripotency confers iPSCs with functions similar to those
of embryonic stem cells regardless of the initial source of somatic cells used [14,15].

Undoubtedly, the most attractive application of this type of strategy is the production of patient-
specific or healthy individual-specific iPSCs for replacement of damaged non-functional tissue.
Thus for example skin fibroblast-derived iPSCs have been shown to possess a high potential to
differentiate into islet-like clusters and to release insulin, which is highly relevant for diabetes
[16]. Such developments are also relevant for amyotrophic lateral sclerosis (Lou Gehrig´s disease)
[17]; adenosine deaminase deficiency-related severe combined immunodeficiency, Shwach‐
man-Bodian-Diamond syndrome, Gaucher disease type III, Duchenne and Becker muscular
dystrophy, Parkinson disease, Huntington disease, juvenile-onset, type 1 diabetes mellitus and
Down syndrome (trisomy 21)  [31];  spinal  muscular  atrophy [19];  and in  toxicology and
pharmacology for screening toxics for embryo and/or teratogenic substances [20].

The great promise of iPSCs (Figure 1) is associated to their role in the investigation of the
phyisiological mechanisms related with the biology of stem cells themselves; in the modeling
of different pathologies; and, fundamentally, in the development of therapies for human
diseases and in drug screening. In fact, since they were discovered in 2008, almost one-
hundred-and-fifty iPSCs have been established from nearly thirty fibroblast cell lines related
to over a dozen conditions, including some complex diseases such as schizophrenia and autism
and other genetic or acquired disorders such as cardiovascular or infectious diseases. Numer‐
ous types of functional cells have already been derived from iPSCs including neurons [17,32],
hematopoietic cells [33], and cardiomyocytes [34,35].

Taking into account the far-from-trivial fact that iPSCs can be obtained from individuals
affected by a disease and that they are indefinitely self-renewable and fully of human origin,
it could well be that these cells, obtained from several individuals suffering from the same
disease and presenting with similar clinical manifestations, may provide highly valuable
information about certain predisposing genes ―as in the case of diabetes mellitus― and
therefore allow physicians to provide well-grounded genetic guidance.

Human iPSCs have the potential to be used in regenerative medicine for the design of
individualized therapies and also in the field of research and development. However, it is still
necessary to optimize iPSC protocols, particularly with respect to the possible modifications
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Taking into account the far-from-trivial fact that iPSCs can be obtained from individuals
affected by a disease and that they are indefinitely self-renewable and fully of human origin,
it could well be that these cells, obtained from several individuals suffering from the same
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to their genome, and to increase the efficacy of the transfection process leading to iPSC
reprogramming [36,37]. The present state of the art of reprogramming mechanisms ―viral
transfection of Oct4, Sox2, c-Myc, Klf4, Nanog and Lin28 genes; non-viral transfection using a
non-integrating episomal vector derived from the Epstein-Barr virus (oriP/EBNA1), plasmid
vectors or piggyback transposon/transposase systems; direct delivery of the reprogramming
proteins (piPSCs); and signal transduction inhibitors and chemical promoter cell survival―
will allow safe integration and the removal of ectopic transgenes, improving the efficiency of
iPSC production using a minimally invasive strategy.

3. Advanced therapies for monogenic and metabolic diseases

The progression of the different areas of biology, biotechnology and medicine leads to the
development of highly innovative new treatments and pharmacological products. In this
regard, advanced therapies based on the by-products of gene therapy, cell therapy and
nanomedicine/tissue engineering are of great importance for their potential to radically
improve treatment of a large number of conditions. The different schools of thought that
advocate the emerging concept of advanced therapies agree that the latter must be used for
the treatment of diseases (both hereditary and non-transmissible) caused by the anomalous
behavior, or complete lack of function, of a single gene (also called monogenic hereditary
diseases) or by an anomaly in several genes (polygenic diseases).

Metabolic diseases, or congenital metabolic errors, are conditions highly amenable to be
treated by the new advanced therapies as such treatments have been shown to restore
mutation-induced alterations of gene products. Proteins are the most commonly affected gene
products, although messenger RNA is also a usual victim. Alterations affect gene products,
i.e. proteins, most of which are enzymes but there is also a group of other proteins fulfilling
all kinds of different functions (structural proteins, transport proteins and signal cascade
activation proteins). Of particular interest are the proteins that participate in homeostasis and
exert their functions outside the cells that synthesize them. This is the case of coagulation
factors VIII and IX (FVIII and FIX), whose deficiency results in the development of haemophilia
A or B, respectively. Another member of this class of proteins is antitrypsin, also of hepatic
origin and secreted into the bloodstream, whose function is to prevent the digestion of
pulmonary alveoli by proteolytic enzymes. Lastly, mention should be made of proteins with
such diverse functions as transcription factors, oncogenes, tumor-suppressing genes and even
some hormones and their receptors, the latter being specifically related with diabetes mellitus,
a typically metabolic disease.

The nature of the monogenic or metabolic disease is the main factor that determines whether
a treatment that can eradicate or at least mitigate its clinical consequences is possible or not.
Before the concept of advanced therapies came to be applied to these (wide ranging) condi‐
tions, many of them were treated using both conventional/classical and more advanced
approaches.

Pluripotent Stem Cells534

Advanced therapies are applied following three basic approaches: replacement of a deficient
gene by a healthy gene so that it generates a certain functional, structural or transport protein
(gene therapy); incorporation of a full array of healthy genes and proteins through perfusion
or transplantation of healthy cells (cell therapy); or tissue transplantation and formation of
healthy organs (tissue engineering). In this context, induced pluripotent stem cells can play a
very significant role and hold an enormous therapeutic potential in the fields of cell therapy
and tissue engineering.

4. Advanced therapies and induced pluripotent stem cells in the treatment
of haemophilia

Haemophilia is a recessive X-linked hereditary disorder caused by a deficiency of coagulation
factor VIII (haemophilia A) or IX (haemophilia B). The disease is considered to be severe when
factor levels are below 1% of normal values, moderate when they are between 1 and 5% and
mild when levels range between 5% and 40%. Haemophilia A is four times more common than
haemophilia B and, in terms of severity for both types, 35% of patients have the severe form,
15% the moderate form and 55% have mild haemophilia. Incidence of the disease is 1:6,000
males born alive for haemophilia A and 1:30,000 for haemophilia B [38].

The etiopathogenesis of the disease is related to different kinds of mutations (large deletions
and insertions, inversions and point mutations) that occur in the gene expressing the deficient
coagulation factor. The clinical characteristics of both types of haemophilia are very similar:
spontaneous or traumatic hemorrhages, muscle hematomas, haemophilic arthropathy
resulting from the articular damage caused by repetitive bleeding episodes in the target joints,
or hemorrhages in the central nervous system. In the absence of appropriate replacement
treatment with exogenous coagulation factors, these manifestations of the disease can have
disabling or even fatal consequences thus negatively impacting patients' quality of life and
reducing their life expectancy [39].

At present, patients with haemophilia benefit from optimized treatment schedules based on
the intravenous systemic delivery of exogenous coagulation factors, either prophylactically or
on demand. The current policy in developed countries is in general to administer a prophy‐
lactic treatment (2 or 3 times a week) from early childhood into adulthood [39]. Such prophy‐
lactic protocols result in a clear improvement in patients' quality of life on account of the
prevention of haemophilic arthropaty and other fatal manifestations of the disease as well as
a reduction in the long-term costs of treatment because of a decrease in the need of surgical
procedures such as arthrodesis, arthroplasty or synovectomy [40].

Conventional treatment of haemophilia [41,42] is currently based on the use of plasma-derived
or recombinant high-purity coagulation factor concentrates. The former are duly treated with
heat and detergent to inactivate lipid-coated viruses [43], and the latter are a recently devel‐
oped product that does not contain proteins of human or animal origin [44,45]. Both kinds of
factor boast high efficacy and safety profiles, at least for the inactivation-susceptible pathogens
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to their genome, and to increase the efficacy of the transfection process leading to iPSC
reprogramming [36,37]. The present state of the art of reprogramming mechanisms ―viral
transfection of Oct4, Sox2, c-Myc, Klf4, Nanog and Lin28 genes; non-viral transfection using a
non-integrating episomal vector derived from the Epstein-Barr virus (oriP/EBNA1), plasmid
vectors or piggyback transposon/transposase systems; direct delivery of the reprogramming
proteins (piPSCs); and signal transduction inhibitors and chemical promoter cell survival―
will allow safe integration and the removal of ectopic transgenes, improving the efficiency of
iPSC production using a minimally invasive strategy.

3. Advanced therapies for monogenic and metabolic diseases

The progression of the different areas of biology, biotechnology and medicine leads to the
development of highly innovative new treatments and pharmacological products. In this
regard, advanced therapies based on the by-products of gene therapy, cell therapy and
nanomedicine/tissue engineering are of great importance for their potential to radically
improve treatment of a large number of conditions. The different schools of thought that
advocate the emerging concept of advanced therapies agree that the latter must be used for
the treatment of diseases (both hereditary and non-transmissible) caused by the anomalous
behavior, or complete lack of function, of a single gene (also called monogenic hereditary
diseases) or by an anomaly in several genes (polygenic diseases).

Metabolic diseases, or congenital metabolic errors, are conditions highly amenable to be
treated by the new advanced therapies as such treatments have been shown to restore
mutation-induced alterations of gene products. Proteins are the most commonly affected gene
products, although messenger RNA is also a usual victim. Alterations affect gene products,
i.e. proteins, most of which are enzymes but there is also a group of other proteins fulfilling
all kinds of different functions (structural proteins, transport proteins and signal cascade
activation proteins). Of particular interest are the proteins that participate in homeostasis and
exert their functions outside the cells that synthesize them. This is the case of coagulation
factors VIII and IX (FVIII and FIX), whose deficiency results in the development of haemophilia
A or B, respectively. Another member of this class of proteins is antitrypsin, also of hepatic
origin and secreted into the bloodstream, whose function is to prevent the digestion of
pulmonary alveoli by proteolytic enzymes. Lastly, mention should be made of proteins with
such diverse functions as transcription factors, oncogenes, tumor-suppressing genes and even
some hormones and their receptors, the latter being specifically related with diabetes mellitus,
a typically metabolic disease.

The nature of the monogenic or metabolic disease is the main factor that determines whether
a treatment that can eradicate or at least mitigate its clinical consequences is possible or not.
Before the concept of advanced therapies came to be applied to these (wide ranging) condi‐
tions, many of them were treated using both conventional/classical and more advanced
approaches.
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Advanced therapies are applied following three basic approaches: replacement of a deficient
gene by a healthy gene so that it generates a certain functional, structural or transport protein
(gene therapy); incorporation of a full array of healthy genes and proteins through perfusion
or transplantation of healthy cells (cell therapy); or tissue transplantation and formation of
healthy organs (tissue engineering). In this context, induced pluripotent stem cells can play a
very significant role and hold an enormous therapeutic potential in the fields of cell therapy
and tissue engineering.

4. Advanced therapies and induced pluripotent stem cells in the treatment
of haemophilia

Haemophilia is a recessive X-linked hereditary disorder caused by a deficiency of coagulation
factor VIII (haemophilia A) or IX (haemophilia B). The disease is considered to be severe when
factor levels are below 1% of normal values, moderate when they are between 1 and 5% and
mild when levels range between 5% and 40%. Haemophilia A is four times more common than
haemophilia B and, in terms of severity for both types, 35% of patients have the severe form,
15% the moderate form and 55% have mild haemophilia. Incidence of the disease is 1:6,000
males born alive for haemophilia A and 1:30,000 for haemophilia B [38].

The etiopathogenesis of the disease is related to different kinds of mutations (large deletions
and insertions, inversions and point mutations) that occur in the gene expressing the deficient
coagulation factor. The clinical characteristics of both types of haemophilia are very similar:
spontaneous or traumatic hemorrhages, muscle hematomas, haemophilic arthropathy
resulting from the articular damage caused by repetitive bleeding episodes in the target joints,
or hemorrhages in the central nervous system. In the absence of appropriate replacement
treatment with exogenous coagulation factors, these manifestations of the disease can have
disabling or even fatal consequences thus negatively impacting patients' quality of life and
reducing their life expectancy [39].

At present, patients with haemophilia benefit from optimized treatment schedules based on
the intravenous systemic delivery of exogenous coagulation factors, either prophylactically or
on demand. The current policy in developed countries is in general to administer a prophy‐
lactic treatment (2 or 3 times a week) from early childhood into adulthood [39]. Such prophy‐
lactic protocols result in a clear improvement in patients' quality of life on account of the
prevention of haemophilic arthropaty and other fatal manifestations of the disease as well as
a reduction in the long-term costs of treatment because of a decrease in the need of surgical
procedures such as arthrodesis, arthroplasty or synovectomy [40].

Conventional treatment of haemophilia [41,42] is currently based on the use of plasma-derived
or recombinant high-purity coagulation factor concentrates. The former are duly treated with
heat and detergent to inactivate lipid-coated viruses [43], and the latter are a recently devel‐
oped product that does not contain proteins of human or animal origin [44,45]. Both kinds of
factor boast high efficacy and safety profiles, at least for the inactivation-susceptible pathogens
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known to date. The choice of one product over the other is usually based on the clinical
characteristics of the patient and on cost and availability considerations [46,47].

Now that infections by pathogenic viruses (HIV, HCV) that were common a few decades ago
have been eradicated, the most distressing adverse effect observed when using either product
is the development of antibodies (inhibitors) against the perfused exogenous factors [48,49].
The appearance of inhibitors renders current treatment with factor concentrates inefficient,
increasing morbidity and mortality, leading to the early onset of haemophilic arthropathy and
disability and to a consequent reduction in patients' quality of life. Lastly, inhibitors result in
higher costs as treatment must be provided both for bleeding episodes and inhibitor eradica‐
tion (immune tolerance induction). The incidence of inhibitors is around 30% in haemophilia
A and 6% in haemophilia B.

The immunologic mechanism whereby these neutralizing antibodies are generated is highly
complex and involves several messenger molecules (tumor necrosis factor, interleukins…),
and cells (T-lymphocytes B-lymphocytes, macrophages...). They are directed at certain regions
in the factor molecule that interact with other components of the coagulation cascade and,
depending on their titre level and on whether they are transient or persistent, will bring about
greater or lesser alterations in the said cascade. The causes that influence inhibitor develop‐
ment may be genetic, i.e. inherent in the patients themselves [48], such as ethnicity, familial
history, type of mutation or certain changes in some of the genes involved in the immune
response; or non-genetic, i.e. environmental [50], such as age at first factor infusion, breast‐
feeding, stimulation of the immune system by other antigens or the treatment regimen used
(prophylactic vs. on demand). Whether the factor concentrate used is plasma-derived or
recombinant does not have a significant influence on the inhibitor incidence rate [51].

Short and medium-term perspectives for the treatment of haemophilia strongly rely on the
current research efforts directed at increasing the safety levels of (especially) plasma-derived
factors. Such research focuses on the detection and subsequent inactivation of emerging blood-
borne pathogens in donors such as the prions causing variant Creutzfeldt-Jakob disease, or
other potential emerging agents [52-54]. It is also important to increase the efficiency of
recombinant factors increasing their half-life (by PEGylating the factor molecule or using
fusion proteins [55-58] and attenuating their immunogenic capacity to produce inhibitors, by
chemically modifying them [59] or by developing recombinant factors of human origin [60].

In the long term, efforts must be directed at the development of advanced therapies, particu‐
larly strategies in the field of gene therapy (using of adeno-associated viral vectors) and cell
therapy (using of adult stem cells or induced pluripotent stem cells). The chief goal of these
new strategies will be to address some of the shortcomings associated with current treatment
options such as the short in vivo half-life of administered factors, the impending risk of a
pathogen-induced infection and the development of inhibitors. Another goal of the advanced
therapies (cell therapy) will be palliative treatment of the articular consequences derived from
haemophilic arthropathy [40].

Haemophilia is optimally suited for advanced therapies as it is a monogenic condition and
does not require very high expression levels of a coagulation factor to reach moderate disease
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status (Figure 2). For this reason, significant progress has been possible with respect to these
kinds of therapies: cell therapy has broken new ground with the use of several types of target
cells and gene therapy has shown particular promise with the use of viral and non-viral vectors.
In fact, haemophilia is now recognized as a condition amenable to gene therapy [61-64].
Strategies available include use of lentiviral (LVV) [65] and adeno-associated (AAV) [66]
vectors in adult stem cells and autologous fibroblasts, in platelets and in hematopoietic stem
cells; transfer by means of non-viral vectors; and repair of mutations with chimeric oligonu‐
cleotides. The studies published so far have, in the most part, not reported any severe adverse
effect resulting from the application of such strategies in the clinical trials performed.

Specifically, gene therapy trials in haemophilic patients have shown adeno-associated vectors
to represent the most promising treatment option given their excellent safety profile, even if
on occasion they may create immune response problems. Efforts are currently centered on
minimizing the incidence of immune rejection and increasing efficacy and expression time. In
this connection, several studies have been published with a view to optimizing the use of this
type of viral vectors. Among them, in a landmark study on patients with severe haemophilia
B (<1% FIX), Nathwani et al. infused their subjects with a dose of a serotype-8-pseudotyped,
self-complementary AAV vector that expresses factor IX and can efficiently transduce
hepatocytes [66]. Their results showed that factor IX expression ranged between 3 and 11% of
normal values. Significant as they may seem, these results must be considered with caution as
the expression levels achieved rather than normalize the patient's phenotype convert it to a
mild-to-moderate form. Also, concomitant treatment with glucocorticoids is needed to prevent
immune rejection and elevation of liver transaminase levels. Due account must also be taken
of the fact that the adeno-associated vector has the potential to induce hepatotoxicity. For all
these reasons, these undoubtedly encouraging results can only be considered a first step in the
development of safe and effective advanced therapies for the treatment of haemophilia.

Non-viral strategies also have a role to play in the treatment of haemophilia as they could in
the long term provide a safer alternative than viral vectors which, as we have seen, are fraught
with significant biosafety and efficacy-related problems, which have so far limited their clinical
application. Sivalingam et al. [67] evaluated the genotoxic potential of phiC31 bacteriophage
integrase-mediated transgene integration in cord-lining epithelial cells cultured from the
human umbilical cord. This non-viral strategy has made it possible to obtain stable factor VIII
secretion in vitro. Xenoimplantation of these protein-secreting cell lines into immunocompe‐
tent haemophilic mice corrects the severe form of the disease. Such implantation could prove
extremely useful as a bioimplant in the context of monogenic diseases such as haemophilia.

Our laboratory has advanced the use of nucleofection as a non-viral transfection method to
obtain factor IX expression and secretion in adult adipose tissue-derived mesenchymal stem
cells [68]. Although it is certainly true that expression efficacy with these types of protocols is
lower than when viral vectors are used, it must be underscored that these protocols do offer
much higher safety levels, with the additional advantage that increasing factor activity to
above 5% of normal values already places the patient in the mild phenotype group.

The use of cell therapy in the treatment of haemophilia has to date consisted mainly in the
transplantation of healthy cells in an attempt to repair or replace a coagulation factor defi‐
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known to date. The choice of one product over the other is usually based on the clinical
characteristics of the patient and on cost and availability considerations [46,47].

Now that infections by pathogenic viruses (HIV, HCV) that were common a few decades ago
have been eradicated, the most distressing adverse effect observed when using either product
is the development of antibodies (inhibitors) against the perfused exogenous factors [48,49].
The appearance of inhibitors renders current treatment with factor concentrates inefficient,
increasing morbidity and mortality, leading to the early onset of haemophilic arthropathy and
disability and to a consequent reduction in patients' quality of life. Lastly, inhibitors result in
higher costs as treatment must be provided both for bleeding episodes and inhibitor eradica‐
tion (immune tolerance induction). The incidence of inhibitors is around 30% in haemophilia
A and 6% in haemophilia B.

The immunologic mechanism whereby these neutralizing antibodies are generated is highly
complex and involves several messenger molecules (tumor necrosis factor, interleukins…),
and cells (T-lymphocytes B-lymphocytes, macrophages...). They are directed at certain regions
in the factor molecule that interact with other components of the coagulation cascade and,
depending on their titre level and on whether they are transient or persistent, will bring about
greater or lesser alterations in the said cascade. The causes that influence inhibitor develop‐
ment may be genetic, i.e. inherent in the patients themselves [48], such as ethnicity, familial
history, type of mutation or certain changes in some of the genes involved in the immune
response; or non-genetic, i.e. environmental [50], such as age at first factor infusion, breast‐
feeding, stimulation of the immune system by other antigens or the treatment regimen used
(prophylactic vs. on demand). Whether the factor concentrate used is plasma-derived or
recombinant does not have a significant influence on the inhibitor incidence rate [51].

Short and medium-term perspectives for the treatment of haemophilia strongly rely on the
current research efforts directed at increasing the safety levels of (especially) plasma-derived
factors. Such research focuses on the detection and subsequent inactivation of emerging blood-
borne pathogens in donors such as the prions causing variant Creutzfeldt-Jakob disease, or
other potential emerging agents [52-54]. It is also important to increase the efficiency of
recombinant factors increasing their half-life (by PEGylating the factor molecule or using
fusion proteins [55-58] and attenuating their immunogenic capacity to produce inhibitors, by
chemically modifying them [59] or by developing recombinant factors of human origin [60].

In the long term, efforts must be directed at the development of advanced therapies, particu‐
larly strategies in the field of gene therapy (using of adeno-associated viral vectors) and cell
therapy (using of adult stem cells or induced pluripotent stem cells). The chief goal of these
new strategies will be to address some of the shortcomings associated with current treatment
options such as the short in vivo half-life of administered factors, the impending risk of a
pathogen-induced infection and the development of inhibitors. Another goal of the advanced
therapies (cell therapy) will be palliative treatment of the articular consequences derived from
haemophilic arthropathy [40].

Haemophilia is optimally suited for advanced therapies as it is a monogenic condition and
does not require very high expression levels of a coagulation factor to reach moderate disease
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status (Figure 2). For this reason, significant progress has been possible with respect to these
kinds of therapies: cell therapy has broken new ground with the use of several types of target
cells and gene therapy has shown particular promise with the use of viral and non-viral vectors.
In fact, haemophilia is now recognized as a condition amenable to gene therapy [61-64].
Strategies available include use of lentiviral (LVV) [65] and adeno-associated (AAV) [66]
vectors in adult stem cells and autologous fibroblasts, in platelets and in hematopoietic stem
cells; transfer by means of non-viral vectors; and repair of mutations with chimeric oligonu‐
cleotides. The studies published so far have, in the most part, not reported any severe adverse
effect resulting from the application of such strategies in the clinical trials performed.

Specifically, gene therapy trials in haemophilic patients have shown adeno-associated vectors
to represent the most promising treatment option given their excellent safety profile, even if
on occasion they may create immune response problems. Efforts are currently centered on
minimizing the incidence of immune rejection and increasing efficacy and expression time. In
this connection, several studies have been published with a view to optimizing the use of this
type of viral vectors. Among them, in a landmark study on patients with severe haemophilia
B (<1% FIX), Nathwani et al. infused their subjects with a dose of a serotype-8-pseudotyped,
self-complementary AAV vector that expresses factor IX and can efficiently transduce
hepatocytes [66]. Their results showed that factor IX expression ranged between 3 and 11% of
normal values. Significant as they may seem, these results must be considered with caution as
the expression levels achieved rather than normalize the patient's phenotype convert it to a
mild-to-moderate form. Also, concomitant treatment with glucocorticoids is needed to prevent
immune rejection and elevation of liver transaminase levels. Due account must also be taken
of the fact that the adeno-associated vector has the potential to induce hepatotoxicity. For all
these reasons, these undoubtedly encouraging results can only be considered a first step in the
development of safe and effective advanced therapies for the treatment of haemophilia.

Non-viral strategies also have a role to play in the treatment of haemophilia as they could in
the long term provide a safer alternative than viral vectors which, as we have seen, are fraught
with significant biosafety and efficacy-related problems, which have so far limited their clinical
application. Sivalingam et al. [67] evaluated the genotoxic potential of phiC31 bacteriophage
integrase-mediated transgene integration in cord-lining epithelial cells cultured from the
human umbilical cord. This non-viral strategy has made it possible to obtain stable factor VIII
secretion in vitro. Xenoimplantation of these protein-secreting cell lines into immunocompe‐
tent haemophilic mice corrects the severe form of the disease. Such implantation could prove
extremely useful as a bioimplant in the context of monogenic diseases such as haemophilia.

Our laboratory has advanced the use of nucleofection as a non-viral transfection method to
obtain factor IX expression and secretion in adult adipose tissue-derived mesenchymal stem
cells [68]. Although it is certainly true that expression efficacy with these types of protocols is
lower than when viral vectors are used, it must be underscored that these protocols do offer
much higher safety levels, with the additional advantage that increasing factor activity to
above 5% of normal values already places the patient in the mild phenotype group.

The use of cell therapy in the treatment of haemophilia has to date consisted mainly in the
transplantation of healthy cells in an attempt to repair or replace a coagulation factor defi‐
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ciency. These procedures have been conducted mainly with adult stem cells and, more
recently, with progenitor cells partially differentiated from iPSCs, albeit in most cases the
mechanisms by which transplanted cells (to a greater or lesser extent) engraft and go on to
proliferate and function remain unknown.

Aronovich  et  al.  [69],  have  shown  that  transplantation  of  embryonic  spleen  tissue
(embryonic  day  42  spleen  tissue)  in  immunocompetent  mice  with  haemophilia  A
attenuates the severity of  the disease in the 2-3 months after  the procedure.  These results
would seem to indicate  that  transplantation of  a  fetal  spleen (obtained from a develop‐
mental  stage  prior  to  the  appearance  of  T-cells)  may potentially  be  used  to  treat  some
genetic  disorders.  For  their  part,  Follenzi  et  al.  [70]  reported  that  once  liver  sinusoidal
endothelial  cells  were transplanted and successfully engrafted into mice with haemophil‐
ia  A,  they  were  seen  to  proliferate  and  partially  replace  some  areas  of  the  hepatic
endothelium.  This  resulted  in  a  restoration  of  factor  VIII  plasma  levels  and  in  the
correction  of  the  bleeding phenotype.  More  recently,  this  same team [71]  demonstrated
that  transplantation  of  bone  marrow  cells  (healthy  mouse  Kupffer  cells  ―liver  macro‐
phage/mononuclear  cells―  and  healthy  bone  marrow  derived  mesenchymal  stromal
cells)  can correct  the phenotype of  haemophilic  mice and restore factor  VIII  levels.

As  far  as  the  use  of  iPSCs  is  concerned,  the  first  paper  came from Xu et  al.  [72],  who
reported on the generation of  murine iPSCs from tail-tip fibroblasts  and their  differentia‐
tion into endothelial  cells  and their  precursors.  These iPSC-derived cells  express  specific

Figure 2. Induced pluripotent stem cells application to the treatment of haemophilia and diabetes mellitus. Autolo‐
gous transplantation of healthy differentiated cells, obtained from iPSCs, into an animal model with haemophilia or
diabetes mellitus type 1, normalizes the corresponding altered function by in vivo production of the deficient protein
or hormone.
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membrane markers  for  these cells  such as  CD31,  CD34 and Flk1,  as  well  as  factor  VIII.
Following transplantation of  these cells  into mice with haemophilia  A,  the latter  survived
the tail-clip bleeding assay by over 3 months and their  factor VIII  plasma levels  increased
to  8%-12%.  Yadav  et  al.  [73]  studied  transdifferentiation  of  iPSC-derived  endothelial
progenitor  cells  into  hepatocytes  (primary  cells  of  FVIII  synthesis).  These  transplanted
cells  were  injected  into  the  liver  parenchyma  where  they  integrated  functionally  and
made  correction  of  the  haemophilic  phenotype.  High  levels  of  FVIII  mRNA  were
detected in  the  spleen,  heart,  and kidney tissues  of  injected animals  with  no indication
of  tumor  formation  or  any  other  adverse  events  in  the  long-term.  Alipio  et  al.  [74]  for
their  part  also reported on the generation of  factor  VIII  in a  haemophilic  murine model
one year  after  transplantation of  iPSC-derived endothelial  cells.

5. Induced pluripotent stem cells in the treatment of diabetes mellitus

Diseases caused by the destruction or loss of function of a limited number of cells are good
candidates for cell therapy. Such is the case of diabetes mellitus (Figure 2).

Diabetes mellitus (DM) is classified into two broad categories: type 1 DM, which is a genetic
disease, and type 2 DM, a more generalized variety related with insulin resistance. DM,
especially the type 1 form, is associated with microvascular complications, such as retinopathy,
neuropathy or nephropathy, as well as cardiovascular problems. Type 1 DM is a T-cell
mediated autoimmune disease specifically aimed against pancreatic beta cells, which results
in insulin deficiency [75,76].

Symptoms  of  DM  include  episodes  of  lethargy  and  fatigue,  polyuria,  enuresis,  noctu‐
ria,  polydipsia,  polyphagia,  weight  loss  and abdominal  pain.  The disorder  has  a  strong
genetic  component  related  with  the  susceptibility  to  inherit  and  develop  the  disease
through  the  HLA complex  (HLA-DR and HLA-DQ genotypes)  and  other  loci  involved
in  immunologic  recognition  and  cell-to-cell  signaling  in  the  immune  system  (graft
compatibility)  [77,78].

Abnormal  T-cell  activation  in  susceptible  individuals  results  in  both  an  inflammatory
response  within  the  Langerhans  islets  and  a  humoral  immune  response  involving  the
production  of  antibodies  against  insulin-specific  beta  cell  antigens,  decarboxylase
glutamic  acid  or  the  protein  tyrosine  phosphatase  [79].  The  presence  of  one  or  more
types  of  antibodies  may  precede  the  appearance  of  type  1  diabetes  and  its  subsequent
development  [80,81].  In  any  case,  the  final  result  is  the  destruction  of  beta  cells  and
progressive  impairment  of  the  blood glucose  metabolism [82].  Some patients  with  type
1  diabetes  may  show  a  higher  susceptibility  to  other  conditions  such  as  thyroiditis,
Graves disease,  Adisson disease,  celiac disease,  myasthenia gravis  or  to degenerative skin
conditions such as  vitíligo [83-85].

The greatest incidence of type 1 DM occurs during childhood and in the early years of
adulthood with significant variations across different geographies. Diagnosis is usually made
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ciency. These procedures have been conducted mainly with adult stem cells and, more
recently, with progenitor cells partially differentiated from iPSCs, albeit in most cases the
mechanisms by which transplanted cells (to a greater or lesser extent) engraft and go on to
proliferate and function remain unknown.

Aronovich  et  al.  [69],  have  shown  that  transplantation  of  embryonic  spleen  tissue
(embryonic  day  42  spleen  tissue)  in  immunocompetent  mice  with  haemophilia  A
attenuates the severity of  the disease in the 2-3 months after  the procedure.  These results
would seem to indicate  that  transplantation of  a  fetal  spleen (obtained from a develop‐
mental  stage  prior  to  the  appearance  of  T-cells)  may potentially  be  used  to  treat  some
genetic  disorders.  For  their  part,  Follenzi  et  al.  [70]  reported  that  once  liver  sinusoidal
endothelial  cells  were transplanted and successfully engrafted into mice with haemophil‐
ia  A,  they  were  seen  to  proliferate  and  partially  replace  some  areas  of  the  hepatic
endothelium.  This  resulted  in  a  restoration  of  factor  VIII  plasma  levels  and  in  the
correction  of  the  bleeding phenotype.  More  recently,  this  same team [71]  demonstrated
that  transplantation  of  bone  marrow  cells  (healthy  mouse  Kupffer  cells  ―liver  macro‐
phage/mononuclear  cells―  and  healthy  bone  marrow  derived  mesenchymal  stromal
cells)  can correct  the phenotype of  haemophilic  mice and restore factor  VIII  levels.

As  far  as  the  use  of  iPSCs  is  concerned,  the  first  paper  came from Xu et  al.  [72],  who
reported on the generation of  murine iPSCs from tail-tip fibroblasts  and their  differentia‐
tion into endothelial  cells  and their  precursors.  These iPSC-derived cells  express  specific

Figure 2. Induced pluripotent stem cells application to the treatment of haemophilia and diabetes mellitus. Autolo‐
gous transplantation of healthy differentiated cells, obtained from iPSCs, into an animal model with haemophilia or
diabetes mellitus type 1, normalizes the corresponding altered function by in vivo production of the deficient protein
or hormone.
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membrane markers  for  these cells  such as  CD31,  CD34 and Flk1,  as  well  as  factor  VIII.
Following transplantation of  these cells  into mice with haemophilia  A,  the latter  survived
the tail-clip bleeding assay by over 3 months and their  factor VIII  plasma levels  increased
to  8%-12%.  Yadav  et  al.  [73]  studied  transdifferentiation  of  iPSC-derived  endothelial
progenitor  cells  into  hepatocytes  (primary  cells  of  FVIII  synthesis).  These  transplanted
cells  were  injected  into  the  liver  parenchyma  where  they  integrated  functionally  and
made  correction  of  the  haemophilic  phenotype.  High  levels  of  FVIII  mRNA  were
detected in  the  spleen,  heart,  and kidney tissues  of  injected animals  with  no indication
of  tumor  formation  or  any  other  adverse  events  in  the  long-term.  Alipio  et  al.  [74]  for
their  part  also reported on the generation of  factor  VIII  in a  haemophilic  murine model
one year  after  transplantation of  iPSC-derived endothelial  cells.

5. Induced pluripotent stem cells in the treatment of diabetes mellitus

Diseases caused by the destruction or loss of function of a limited number of cells are good
candidates for cell therapy. Such is the case of diabetes mellitus (Figure 2).

Diabetes mellitus (DM) is classified into two broad categories: type 1 DM, which is a genetic
disease, and type 2 DM, a more generalized variety related with insulin resistance. DM,
especially the type 1 form, is associated with microvascular complications, such as retinopathy,
neuropathy or nephropathy, as well as cardiovascular problems. Type 1 DM is a T-cell
mediated autoimmune disease specifically aimed against pancreatic beta cells, which results
in insulin deficiency [75,76].

Symptoms  of  DM  include  episodes  of  lethargy  and  fatigue,  polyuria,  enuresis,  noctu‐
ria,  polydipsia,  polyphagia,  weight  loss  and abdominal  pain.  The disorder  has  a  strong
genetic  component  related  with  the  susceptibility  to  inherit  and  develop  the  disease
through  the  HLA complex  (HLA-DR and HLA-DQ genotypes)  and  other  loci  involved
in  immunologic  recognition  and  cell-to-cell  signaling  in  the  immune  system  (graft
compatibility)  [77,78].

Abnormal  T-cell  activation  in  susceptible  individuals  results  in  both  an  inflammatory
response  within  the  Langerhans  islets  and  a  humoral  immune  response  involving  the
production  of  antibodies  against  insulin-specific  beta  cell  antigens,  decarboxylase
glutamic  acid  or  the  protein  tyrosine  phosphatase  [79].  The  presence  of  one  or  more
types  of  antibodies  may  precede  the  appearance  of  type  1  diabetes  and  its  subsequent
development  [80,81].  In  any  case,  the  final  result  is  the  destruction  of  beta  cells  and
progressive  impairment  of  the  blood glucose  metabolism [82].  Some patients  with  type
1  diabetes  may  show  a  higher  susceptibility  to  other  conditions  such  as  thyroiditis,
Graves disease,  Adisson disease,  celiac disease,  myasthenia gravis  or  to degenerative skin
conditions such as  vitíligo [83-85].

The greatest incidence of type 1 DM occurs during childhood and in the early years of
adulthood with significant variations across different geographies. Diagnosis is usually made
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before the age of 20 (between 16 and 18 in 50-60% of cases) [75]. The factors involved in the
development of type 1 DM include the so-called familial predisposing factors, gestational
status, age and other iatrogenic causes.

Type 2 DM is characterized by a functional deficiency of insulin per se or by a resistance to the
hormone resulting from an alteration of the function or structure of the insulin receptor at the
level of the membrane or of any of the molecules involved in the intracytoplasmic signal
transduction cascade [86]. The metaboilic effects of insulin vary depending on the action of
the molecules that participate in signaling pathways to regulate gene expression in striated
muscle cells, adipocytes, hepatocytes and in pancreatic beta cells [87-90]. Thus, for example,
insulin resistance caused by the impairment of glucose transporter GLUT4 initially results in
a metabolic syndrome, type 2 diabetes, lipodystrophy, hypertension, polycystic ovary
syndrome or atherosclerosis.

In general, the morbidity and mortality of DM is related with the different long-term cardio‐
vascular complications associated with the disease, also taking into account other proactivat‐
ing factors such as smoking, obesity, a sedentary lifestyle, hypertension, early onset and
prolonged duration of type 1 DM, genetic predisposition and hyperglycemia.

Nephropathy, retinopathy and diabetic neuropathy are the most common microvascular
complications of DM. As regards diabetic neuropathy, this can be a focal complication
associated with diabetic amyotrophy or with cranial nerve III oculomotor palsy, or a more
generalized occurrence that can take the form of a sensorimotor polyneuropathy affecting the
autonomic nervous system, gastric motility and cardiac function. Peripheral neuropathy
together with peripheral vascular disease may lead to a diabetic foot syndrome, characterized
by ulcerations and poor healing in the lower limbs [91]. As a macrovascular complication,
cardiovascular disease accounts for 70% of mortality in individuals with type 2 DM, with the
incidence of coronary artery disease being higher in women than in men suffering from type
1 DM [92]. Atherosclerotic processes are in turn more common in patients with type 1 DM [93].

Although treatment and diagnosis of diabetes is well-established, there is a constant quest for
new drugs that may be more effective at lowering blood glucose levels, controlling their
therapeutical management —especially in younger patients—, and preserving patients' long-
term quality of life by reducing the incidence of complications resulting from the disease.
Current research is centered on unveiling the structure and function of glucose transporters,
which may offer significant therapeutic advantages [86], as well as on the development of new
fast-acting insulin analogs and more accurate subcutaneous pumps [94-98]. Commendable as
these initiatives are, it is difficult to anticipate and control factors that exert a variable influence
upon glucose levels such as nutrition, physical activity or stress. These factors alter the
glycemic environment and consequently the amount of insulin required at each point in time,
which reinforces the need to establish sophisticated artificial pumping systems that may
simulate the natural endocrine pancreas.

The continuous advancement of our understanding of the mechanisms that govern the
physiopathology of diabetes and gene susceptibility together with the multiple possibilities
currently offered by biotechnology have fuelled the researchers' interest in the development
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of all three types of advanced therapies: gene therapy, cell therapy and tissue engineering. In
this regard, although we are still at a very incipient stage [99,100], procedures based on
transplantation of insulin-secreting cells or islets obtained from stem cell differentiation may
hold valuable hope for the future.

The need to justify the human and financial investment made in the development of new
advanced therapies is as strong in diabetes as it is in haemophilia. However, in the case of the
former justification is even more compelling taking into account that an optimal and efficient
treatment is already available for the disease. The discovery of insulin as a therapeutic tool for
DM constituted an important milestone in the history of medicine even if administration of
this hormone does not fully compensate for the function lost. This is also the case with factor
replacement in haemophilia. Moreover, both coagulation factor and insulin treatment are only
palliative, never curative, which is the basic idea underlying treatment of DM and haemo‐
philia. Moreover, it is also important to take into account the potential adverse effects of these
therapies, and particularly the complications associated with DM, which derive from the fact
that it is a long-term disease.

In  addition,  advances  in  terms  of  the  clinical  transplantation  of  Langerhans  islets  have
not  met  with  the  expected  success  as  a  result  of  the  inadequate  number  of  donors
available  and  the  incidence  of  immune  rejection  of  the  newly  transplanted  beta  cells
[101].  This  has intensified efforts  aimed at  developing insulin-producing cells  from stem
cells.  iPSC technology could turn the  tide  in  this  respect  as  such cells  may be  induced
to  form  endodermal  structures,  pancreatic  and  endocrine  progenitors  and,  naturally,
differentiated insulin-producing cells  [102-104].

Built upon the knowledge gained from studies on embryonic cells about the differentiation
process, the first studies on iPSCs, whereby human cells were reprogrammed to become in
vitro differentiated insulin-producing cells, showed great promise [105,106]. However, as only
partial cell differentiation was achieved, those studies failed in their attempt to enrich insulin-
producing cell lines or assess their function.

Drawing on current knowledge on the embryonic development of the pancreas, Zhu et al. [107]
recently reported on the generation of insulin-producing pancreatic cells from iPSCs obtained
from a rhesus monkey [108]. These authors established a quantitative cytometric method to
evaluate the efficacy of cell differentiation. In addition, they increased the level of precision in
the assessment of the competence and function of the iPSCs from a rhesus monkey by means
of transplantation into immunodeficient mice. These cells were induced to form endodermal
structures, pancreatic and endocrine progenitors and insulin-producing cells. By means of a
TGF-β inhibitor, generation of endocrine precursor cells capable of generating insulin-
producing cells that respond to glucose stimulation in vitro was undertaken. Transplantation
of these cells into a type 1 DM murine model decreased blood glucose levels in 50% of the mice.
These results show the high efficacy that can be achieved by obtaining iPSCs from a superior
animal model as well as the capacity of iPSCs to be transformed into insulin-producing cells,
which opens up the possibility for carrying out autologous transplantations in the future.
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before the age of 20 (between 16 and 18 in 50-60% of cases) [75]. The factors involved in the
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status, age and other iatrogenic causes.
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hormone resulting from an alteration of the function or structure of the insulin receptor at the
level of the membrane or of any of the molecules involved in the intracytoplasmic signal
transduction cascade [86]. The metaboilic effects of insulin vary depending on the action of
the molecules that participate in signaling pathways to regulate gene expression in striated
muscle cells, adipocytes, hepatocytes and in pancreatic beta cells [87-90]. Thus, for example,
insulin resistance caused by the impairment of glucose transporter GLUT4 initially results in
a metabolic syndrome, type 2 diabetes, lipodystrophy, hypertension, polycystic ovary
syndrome or atherosclerosis.

In general, the morbidity and mortality of DM is related with the different long-term cardio‐
vascular complications associated with the disease, also taking into account other proactivat‐
ing factors such as smoking, obesity, a sedentary lifestyle, hypertension, early onset and
prolonged duration of type 1 DM, genetic predisposition and hyperglycemia.

Nephropathy, retinopathy and diabetic neuropathy are the most common microvascular
complications of DM. As regards diabetic neuropathy, this can be a focal complication
associated with diabetic amyotrophy or with cranial nerve III oculomotor palsy, or a more
generalized occurrence that can take the form of a sensorimotor polyneuropathy affecting the
autonomic nervous system, gastric motility and cardiac function. Peripheral neuropathy
together with peripheral vascular disease may lead to a diabetic foot syndrome, characterized
by ulcerations and poor healing in the lower limbs [91]. As a macrovascular complication,
cardiovascular disease accounts for 70% of mortality in individuals with type 2 DM, with the
incidence of coronary artery disease being higher in women than in men suffering from type
1 DM [92]. Atherosclerotic processes are in turn more common in patients with type 1 DM [93].

Although treatment and diagnosis of diabetes is well-established, there is a constant quest for
new drugs that may be more effective at lowering blood glucose levels, controlling their
therapeutical management —especially in younger patients—, and preserving patients' long-
term quality of life by reducing the incidence of complications resulting from the disease.
Current research is centered on unveiling the structure and function of glucose transporters,
which may offer significant therapeutic advantages [86], as well as on the development of new
fast-acting insulin analogs and more accurate subcutaneous pumps [94-98]. Commendable as
these initiatives are, it is difficult to anticipate and control factors that exert a variable influence
upon glucose levels such as nutrition, physical activity or stress. These factors alter the
glycemic environment and consequently the amount of insulin required at each point in time,
which reinforces the need to establish sophisticated artificial pumping systems that may
simulate the natural endocrine pancreas.

The continuous advancement of our understanding of the mechanisms that govern the
physiopathology of diabetes and gene susceptibility together with the multiple possibilities
currently offered by biotechnology have fuelled the researchers' interest in the development
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of all three types of advanced therapies: gene therapy, cell therapy and tissue engineering. In
this regard, although we are still at a very incipient stage [99,100], procedures based on
transplantation of insulin-secreting cells or islets obtained from stem cell differentiation may
hold valuable hope for the future.

The need to justify the human and financial investment made in the development of new
advanced therapies is as strong in diabetes as it is in haemophilia. However, in the case of the
former justification is even more compelling taking into account that an optimal and efficient
treatment is already available for the disease. The discovery of insulin as a therapeutic tool for
DM constituted an important milestone in the history of medicine even if administration of
this hormone does not fully compensate for the function lost. This is also the case with factor
replacement in haemophilia. Moreover, both coagulation factor and insulin treatment are only
palliative, never curative, which is the basic idea underlying treatment of DM and haemo‐
philia. Moreover, it is also important to take into account the potential adverse effects of these
therapies, and particularly the complications associated with DM, which derive from the fact
that it is a long-term disease.

In  addition,  advances  in  terms  of  the  clinical  transplantation  of  Langerhans  islets  have
not  met  with  the  expected  success  as  a  result  of  the  inadequate  number  of  donors
available  and  the  incidence  of  immune  rejection  of  the  newly  transplanted  beta  cells
[101].  This  has intensified efforts  aimed at  developing insulin-producing cells  from stem
cells.  iPSC technology could turn the  tide  in  this  respect  as  such cells  may be  induced
to  form  endodermal  structures,  pancreatic  and  endocrine  progenitors  and,  naturally,
differentiated insulin-producing cells  [102-104].

Built upon the knowledge gained from studies on embryonic cells about the differentiation
process, the first studies on iPSCs, whereby human cells were reprogrammed to become in
vitro differentiated insulin-producing cells, showed great promise [105,106]. However, as only
partial cell differentiation was achieved, those studies failed in their attempt to enrich insulin-
producing cell lines or assess their function.

Drawing on current knowledge on the embryonic development of the pancreas, Zhu et al. [107]
recently reported on the generation of insulin-producing pancreatic cells from iPSCs obtained
from a rhesus monkey [108]. These authors established a quantitative cytometric method to
evaluate the efficacy of cell differentiation. In addition, they increased the level of precision in
the assessment of the competence and function of the iPSCs from a rhesus monkey by means
of transplantation into immunodeficient mice. These cells were induced to form endodermal
structures, pancreatic and endocrine progenitors and insulin-producing cells. By means of a
TGF-β inhibitor, generation of endocrine precursor cells capable of generating insulin-
producing cells that respond to glucose stimulation in vitro was undertaken. Transplantation
of these cells into a type 1 DM murine model decreased blood glucose levels in 50% of the mice.
These results show the high efficacy that can be achieved by obtaining iPSCs from a superior
animal model as well as the capacity of iPSCs to be transformed into insulin-producing cells,
which opens up the possibility for carrying out autologous transplantations in the future.
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Along the same lines, Jeon et al. [109] studied the functionality of iPSC-derived insulin-
producing cells generated from pancreas-derived epithelial cells in non-obese diabetic mice.
The insulin-producing cells obtained in this way express different pancreatic β cell markers
and secrete insulin in response to glucose stimulation. Transplantation of these cells into non-
obese diabetic mice (a model of autoimmune type 1 DM very similar to the human form) results
in a kidney graft with a functional response to glucose stimulation and a consequent normal‐
ization of blood glucose levels (Figure 2).

Until recently, iPSC generation from patients with type 2 DM had not been reported in the
literature. However, Ohmine et al. [110] described not long ago the generation of iPSCs from
keratinocytes of elderly patients with type 2 DM. These cells were reprogrammed by lentiviral
transduction with human transcription factors OCT4, SOX2, KLF4 and cMYC, telomere
elongation, and down-regulation of senescence and apoptosis-related genes, and were
subsequently differentiated into insulin-producing islet-like cells. Reprogramming of kerati‐
nocytes from elderly type 2 DM patients produces efficient iPSCs with a "privileged" senes‐
cence status that allows them to transform into insulin-producing islet-like cells, which may
lead to the development of a versatile strategy for modeling the disease as well as an advanced
therapy for treating it.

Generally speaking, several problems must yet be resolved before iPSCs can be applied
clinically, specifically to the treatment of haemophilia or diabetes. In the first place, it is
essential to optimize the reprogramming process so that it provides maximum safety assur‐
ances against the potential risks derived from undesirable genetic changes in iPSCs [111].
Recent studies have revealed significant chromosomal changes that take place during the long-
term culture of iPSCs as well as variations in the number of copies of certain genes and point
mutations, which could clearly be related with the reprogramming of somatic cells and result
in damage to the DNA [112-115].

The second hurdle that must be overcome is the high variability that exists between the
different cell lines in the context of differentiation into pancreatic lineages [16]. The epigenetic
and functional trials that should be performed in this respect are complicated by the fact that
iPSCs have a high epigenetic content [116]. The third obstacle has to do with the purification
of iPSC-derived β cells to prevent the transplantation of undifferentiated cells, which could
result in the formation of teratomas. Moreover, it is necessary to develop new reagents to make
direct differentiation of pancreatic progenitors into functional β cells more efficient and to
design highly specific surface markers for these cells so that a more precise fluorescence
analysis can be performed in order to isolate homogeneous populations of this kind of cell so
that their function can be rigorously controlled.

6. General regulatory and bioethical issues

Cell therapy, as one of the bedrocks of the advanced therapies —together with gene therapy
and tissue engineering—, requires a new legislative framework in order to guarantee that
patients can avail themselves of the products they need and provide governments with a robust
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protection, control and regulation mechanism. The existing framework regulating advanced
therapies will have to be adapted fast in order to keep pace with the proliferation of new
knowledge in this rapidly developing field. However, desirable that this may be, the pace of
legislative reform is unfortunately slow and inevitably lags behind the development of new
science.

The aspects to be regulated include mainly those related with controlling the development,
manufacturing and quality of release and stability testing programs; non-clinical aspects such
as promoting research on biodistribution, cell viability and proliferation levels and ratios, and
the persistence of in vivo function; clinical aspects such as dose-specific characteristics, risk
stratification; and aspects specifically connected to pharmacovigilance and traceability.

The guidelines for therapeutic products based on human cells must be drawn up by the drug
agencies of the different countries [117,118] both as regards the development of clinical and
preclinical trials and with respect to pharmacovigilance, taking in all cases a multidisciplinary
perspective.

For any product based on cells or on tissue, it should be made compulsory to verify that the
desired physiological functions are preserved after the preparation process, both in isolation
and in combination with other non-biological components, as many of these products will be
used with a metabolic purpose [119,120]. Nevertheless, many things remain to be learned about
the procedures that should be followed to guarantee the safety and efficacy of cell therapy
products, especially with respect to the biology of stem cells, their self-renewal and differen‐
tiation potential and, above all, the evaluation and prediction of potential risks.

Most cell therapy products are not controversial from a bioethical point of view. The exception
to this is therapy with human embryonic stem cells, which raises moral and bioethical
problems [121,122]. Such consideration refer to the donor's informed consent and to problems
associated with the harvesting of oocytes and the destruction of human embryos. In this regard,
the guidelines used by the different countries range from total prohibition to regulated
authorization. In general, there is an international consensus that the results obtained in stem
cell research should be applied to humans without prior bioethical scrutiny, with the under‐
standing that scientific research and the use of scientific knowledge must respect human rights
and the dignity of the individual in accordance with the Universal Declaration of Human
Rights and the Universal Declaration of the Human Genome [123].

The main advantage of induced pluripotent stem cells is that their use, unlike that of embryonic
stem cells, does not raise moral or bioethical issues as the scientific community, as well as
society at large, consider it a valid alternative for the generation of pluripotent stem cells
without the need to use human oocytes or embryos. Furthermore, these cells have shown
themselves to be functionally and molecularly similar to embryonic cells, but without their
bioethical problems, which means that their use in humans will not require an overly stringent
regulatory framework. The importance of this cannot be overstated as, in many instances, and
in some countries more than in others, legislation can hinder the development of science and,
consequently, the application of new knowledge and new therapeutic strategies.
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Along the same lines, Jeon et al. [109] studied the functionality of iPSC-derived insulin-
producing cells generated from pancreas-derived epithelial cells in non-obese diabetic mice.
The insulin-producing cells obtained in this way express different pancreatic β cell markers
and secrete insulin in response to glucose stimulation. Transplantation of these cells into non-
obese diabetic mice (a model of autoimmune type 1 DM very similar to the human form) results
in a kidney graft with a functional response to glucose stimulation and a consequent normal‐
ization of blood glucose levels (Figure 2).

Until recently, iPSC generation from patients with type 2 DM had not been reported in the
literature. However, Ohmine et al. [110] described not long ago the generation of iPSCs from
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elongation, and down-regulation of senescence and apoptosis-related genes, and were
subsequently differentiated into insulin-producing islet-like cells. Reprogramming of kerati‐
nocytes from elderly type 2 DM patients produces efficient iPSCs with a "privileged" senes‐
cence status that allows them to transform into insulin-producing islet-like cells, which may
lead to the development of a versatile strategy for modeling the disease as well as an advanced
therapy for treating it.

Generally speaking, several problems must yet be resolved before iPSCs can be applied
clinically, specifically to the treatment of haemophilia or diabetes. In the first place, it is
essential to optimize the reprogramming process so that it provides maximum safety assur‐
ances against the potential risks derived from undesirable genetic changes in iPSCs [111].
Recent studies have revealed significant chromosomal changes that take place during the long-
term culture of iPSCs as well as variations in the number of copies of certain genes and point
mutations, which could clearly be related with the reprogramming of somatic cells and result
in damage to the DNA [112-115].

The second hurdle that must be overcome is the high variability that exists between the
different cell lines in the context of differentiation into pancreatic lineages [16]. The epigenetic
and functional trials that should be performed in this respect are complicated by the fact that
iPSCs have a high epigenetic content [116]. The third obstacle has to do with the purification
of iPSC-derived β cells to prevent the transplantation of undifferentiated cells, which could
result in the formation of teratomas. Moreover, it is necessary to develop new reagents to make
direct differentiation of pancreatic progenitors into functional β cells more efficient and to
design highly specific surface markers for these cells so that a more precise fluorescence
analysis can be performed in order to isolate homogeneous populations of this kind of cell so
that their function can be rigorously controlled.

6. General regulatory and bioethical issues

Cell therapy, as one of the bedrocks of the advanced therapies —together with gene therapy
and tissue engineering—, requires a new legislative framework in order to guarantee that
patients can avail themselves of the products they need and provide governments with a robust
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protection, control and regulation mechanism. The existing framework regulating advanced
therapies will have to be adapted fast in order to keep pace with the proliferation of new
knowledge in this rapidly developing field. However, desirable that this may be, the pace of
legislative reform is unfortunately slow and inevitably lags behind the development of new
science.

The aspects to be regulated include mainly those related with controlling the development,
manufacturing and quality of release and stability testing programs; non-clinical aspects such
as promoting research on biodistribution, cell viability and proliferation levels and ratios, and
the persistence of in vivo function; clinical aspects such as dose-specific characteristics, risk
stratification; and aspects specifically connected to pharmacovigilance and traceability.

The guidelines for therapeutic products based on human cells must be drawn up by the drug
agencies of the different countries [117,118] both as regards the development of clinical and
preclinical trials and with respect to pharmacovigilance, taking in all cases a multidisciplinary
perspective.

For any product based on cells or on tissue, it should be made compulsory to verify that the
desired physiological functions are preserved after the preparation process, both in isolation
and in combination with other non-biological components, as many of these products will be
used with a metabolic purpose [119,120]. Nevertheless, many things remain to be learned about
the procedures that should be followed to guarantee the safety and efficacy of cell therapy
products, especially with respect to the biology of stem cells, their self-renewal and differen‐
tiation potential and, above all, the evaluation and prediction of potential risks.

Most cell therapy products are not controversial from a bioethical point of view. The exception
to this is therapy with human embryonic stem cells, which raises moral and bioethical
problems [121,122]. Such consideration refer to the donor's informed consent and to problems
associated with the harvesting of oocytes and the destruction of human embryos. In this regard,
the guidelines used by the different countries range from total prohibition to regulated
authorization. In general, there is an international consensus that the results obtained in stem
cell research should be applied to humans without prior bioethical scrutiny, with the under‐
standing that scientific research and the use of scientific knowledge must respect human rights
and the dignity of the individual in accordance with the Universal Declaration of Human
Rights and the Universal Declaration of the Human Genome [123].

The main advantage of induced pluripotent stem cells is that their use, unlike that of embryonic
stem cells, does not raise moral or bioethical issues as the scientific community, as well as
society at large, consider it a valid alternative for the generation of pluripotent stem cells
without the need to use human oocytes or embryos. Furthermore, these cells have shown
themselves to be functionally and molecularly similar to embryonic cells, but without their
bioethical problems, which means that their use in humans will not require an overly stringent
regulatory framework. The importance of this cannot be overstated as, in many instances, and
in some countries more than in others, legislation can hinder the development of science and,
consequently, the application of new knowledge and new therapeutic strategies.
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7. Concluding remarks

iPSCs offer an unprecedented alternative for basic, clinical and applied biomedical research.
The most significant applications of these cells to the field of cell therapy are related to the
treatment of such organ-specific conditions as diabetes ―a typically metabolic disease―,
hepatic and cardiovascular diseases, immunological disorders and monogenic hereditary
conditions in general such as haemophilia.

However, many aspects remain to be unveiled about the safety of iPSCs and about their
reprogramming mechanisms, although no-one denies that this technology offers new, until-
recently-unimaginable possibilities for correcting alterations in a large number of conditions,
particularly in monogenic and metabolic diseases [124]. Also, some technical problems will
also have to be resolved such as finding a way to produce these cells using risk-free viral vector
transfection as well as safer alternative methods such as viral vector-mediated reprogramming.

Other more general, though no less important, issues that remain to be addressed include
optimal extrapolation to humans of the high levels of safety and expression obtained in animal
models and finding out whether it is adult mesenchymal stem cells or iPSCs that constitute
the best and most easily applicable alternative for the administration of combined cell therapy/
gene therapy.

For the reasons mentioned it is imperative not to create false expectations in patients suffering
from a disease that is amenable to advanced therapies, specifically cell therapy, as these
strategies are still in their “infancy”. In the longer term, once the challenges mentioned above
have been overcome, both cell and gene therapy will become plausible alternatives. Optimism
is in order, but fantasy is best avoided.

As far as haemophilia is concerned, the first article discussing the benefits of gene therapy for
the treatment of the disease was published a decade ago. At that time, experts in the field
anticipated that a cure for haemophilia would be found by the first decade of the 21st century
[125], a prediction that did not come true because of multiple problems related to biosafety.
Although many steps have been taken in the right direction with respect to gene therapy,
cellular reprogramming of iPSCs and the safety of transfer vectors, efforts must continue in
order to resolve problems related to immune response, insertional mutagenesis, efficacy and
expression time, the collateral (particularly hepatotoxic) damage caused by viral vectors and
the risk of teratoma and neoplasia derived from the application of certain cell types. Sight
should not be lost of the difficulties inherent in recruiting patients for clinical trials and in the
large-scale production of vectors and cell lines, needed to facilitate optimal and efficient
implementation in the clinical setting.

One of the first things that must be addressed when doing research into advanced therapies
is whether the expected benefits of such therapies will be able to offset the investment needed.
In the case of haemophilia, the answer is clearly in the affirmative as it is a chronic disease that
requires high-frequency life-long treatment, very costly in patients on prophylaxis, and which
poses a potential risk of infection by emerging pathogens. The second question is whether
advanced therapies are at all feasible. In this regard, haemophilia is considered an optimal
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candidate for such treatments for several reasons: it is a monogenic disease; the expression of
low levels of coagulation factor (1-5%) can result in a moderate phenotype; a large variety
target cells can be applied; there is no need to regulate factor expression, and a large amount
of animal models are available for experimentation. In this regard, application of strategies
that are less demanding in terms of efficacy, i.e. level of protein expression, but that afford
much greater safety, may be an alternative for this condition, taking into account that both
physicians and patients are highly sensitive to the special immunologic situation of the
haemophilic population and that viral infections (HIV/HCV) have had lethal consequences for
these individuals in the past [76].

As regards diabetes as a typically metabolic disease, advances in the understanding of its
physio- and etiopathology, together with the greater biotechnological possibilities available,
have made new alternatives possible as a result of the development of advanced therapies to
treat it. Transplantation of insulin-secreting cells or of islets obtained a from differentiation of
stem cells could hold some hope in the long term.

As  in  haemophilia,  in  diabetes  it  is  also  necessary  to  justify  the  investment  of  human
and  financial  resources  required  for  the  development  of  new  advanced  therapeutical
strategies,  taking  account  of  the  fact  that  patients  with  this  condition  also  benefit  from
an optimal  and efficient  treatment at  present.  The justification for  the said investment is
that  diabetes  gives rise  to vascular  and neurological  complications in the long term and
that  transplantation  of  Langerhans  islets  has  not  achieved  the  success  that  scientists
hoped for  because  of  the  dearth  of  donors  and the  high  rate  of  immune rejection  that
characterizes  diabetic  patients.

In  a  nutshell,  iPSCs  technology  has  the  potential  to  produce  an  about-face  in  the  way
we conceive cell  behavior as  iPSCs can be induced to form hormone-producing differen‐
tiated  cells.  In  this  regard,  several  authors  have  reported  on  the  generation  of  insulin-
producing pancreatic  cells  from iPSCs  from rhesus  monkey and murine  models  which,
after  transplantation,  are  capable  of  producing  insulin  in  vivo  in  response  to  glucose
stimulation.  Nonetheless,  some  general  issues  affecting  iPSCs  remain  to  be  resolved
before  these  cells  can be  used clinically  in  the  treatment  of  diabetes.  Prominent  among
these are optimizing the reprogramming process as  well  as  their  genetic  safety,  control‐
ling  the  high  differentiation  variability  of  the  different  pancreatic  lines  by  means  of
epigenetic  trials  and  enhancing  the  purification,  isolation  and  characterization  of
homogeneous populations of  iPSC-derived insulin-producing β cells.
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7. Concluding remarks

iPSCs offer an unprecedented alternative for basic, clinical and applied biomedical research.
The most significant applications of these cells to the field of cell therapy are related to the
treatment of such organ-specific conditions as diabetes ―a typically metabolic disease―,
hepatic and cardiovascular diseases, immunological disorders and monogenic hereditary
conditions in general such as haemophilia.

However, many aspects remain to be unveiled about the safety of iPSCs and about their
reprogramming mechanisms, although no-one denies that this technology offers new, until-
recently-unimaginable possibilities for correcting alterations in a large number of conditions,
particularly in monogenic and metabolic diseases [124]. Also, some technical problems will
also have to be resolved such as finding a way to produce these cells using risk-free viral vector
transfection as well as safer alternative methods such as viral vector-mediated reprogramming.

Other more general, though no less important, issues that remain to be addressed include
optimal extrapolation to humans of the high levels of safety and expression obtained in animal
models and finding out whether it is adult mesenchymal stem cells or iPSCs that constitute
the best and most easily applicable alternative for the administration of combined cell therapy/
gene therapy.

For the reasons mentioned it is imperative not to create false expectations in patients suffering
from a disease that is amenable to advanced therapies, specifically cell therapy, as these
strategies are still in their “infancy”. In the longer term, once the challenges mentioned above
have been overcome, both cell and gene therapy will become plausible alternatives. Optimism
is in order, but fantasy is best avoided.

As far as haemophilia is concerned, the first article discussing the benefits of gene therapy for
the treatment of the disease was published a decade ago. At that time, experts in the field
anticipated that a cure for haemophilia would be found by the first decade of the 21st century
[125], a prediction that did not come true because of multiple problems related to biosafety.
Although many steps have been taken in the right direction with respect to gene therapy,
cellular reprogramming of iPSCs and the safety of transfer vectors, efforts must continue in
order to resolve problems related to immune response, insertional mutagenesis, efficacy and
expression time, the collateral (particularly hepatotoxic) damage caused by viral vectors and
the risk of teratoma and neoplasia derived from the application of certain cell types. Sight
should not be lost of the difficulties inherent in recruiting patients for clinical trials and in the
large-scale production of vectors and cell lines, needed to facilitate optimal and efficient
implementation in the clinical setting.

One of the first things that must be addressed when doing research into advanced therapies
is whether the expected benefits of such therapies will be able to offset the investment needed.
In the case of haemophilia, the answer is clearly in the affirmative as it is a chronic disease that
requires high-frequency life-long treatment, very costly in patients on prophylaxis, and which
poses a potential risk of infection by emerging pathogens. The second question is whether
advanced therapies are at all feasible. In this regard, haemophilia is considered an optimal
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candidate for such treatments for several reasons: it is a monogenic disease; the expression of
low levels of coagulation factor (1-5%) can result in a moderate phenotype; a large variety
target cells can be applied; there is no need to regulate factor expression, and a large amount
of animal models are available for experimentation. In this regard, application of strategies
that are less demanding in terms of efficacy, i.e. level of protein expression, but that afford
much greater safety, may be an alternative for this condition, taking into account that both
physicians and patients are highly sensitive to the special immunologic situation of the
haemophilic population and that viral infections (HIV/HCV) have had lethal consequences for
these individuals in the past [76].

As regards diabetes as a typically metabolic disease, advances in the understanding of its
physio- and etiopathology, together with the greater biotechnological possibilities available,
have made new alternatives possible as a result of the development of advanced therapies to
treat it. Transplantation of insulin-secreting cells or of islets obtained a from differentiation of
stem cells could hold some hope in the long term.

As  in  haemophilia,  in  diabetes  it  is  also  necessary  to  justify  the  investment  of  human
and  financial  resources  required  for  the  development  of  new  advanced  therapeutical
strategies,  taking  account  of  the  fact  that  patients  with  this  condition  also  benefit  from
an optimal  and efficient  treatment at  present.  The justification for  the said investment is
that  diabetes  gives rise  to vascular  and neurological  complications in the long term and
that  transplantation  of  Langerhans  islets  has  not  achieved  the  success  that  scientists
hoped for  because  of  the  dearth  of  donors  and the  high  rate  of  immune rejection  that
characterizes  diabetic  patients.

In  a  nutshell,  iPSCs  technology  has  the  potential  to  produce  an  about-face  in  the  way
we conceive cell  behavior as  iPSCs can be induced to form hormone-producing differen‐
tiated  cells.  In  this  regard,  several  authors  have  reported  on  the  generation  of  insulin-
producing pancreatic  cells  from iPSCs  from rhesus  monkey and murine  models  which,
after  transplantation,  are  capable  of  producing  insulin  in  vivo  in  response  to  glucose
stimulation.  Nonetheless,  some  general  issues  affecting  iPSCs  remain  to  be  resolved
before  these  cells  can be  used clinically  in  the  treatment  of  diabetes.  Prominent  among
these are optimizing the reprogramming process as  well  as  their  genetic  safety,  control‐
ling  the  high  differentiation  variability  of  the  different  pancreatic  lines  by  means  of
epigenetic  trials  and  enhancing  the  purification,  isolation  and  characterization  of
homogeneous populations of  iPSC-derived insulin-producing β cells.
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1. Introduction

Human pluripotent stem cells (hPSC) include human embryonic stem cells (hESC) and hu‐
man induced pluripotent stem cells (hIPSC). Due to their inherent ability to self-renew in‐
definitely in vitro and to give rise to essentially all cell lineages, both cell types have
enormous potential for applications in regenerative medicine, but differ in their origin.
HESC are derived from early pre-implantation stage embryos and have the capacity, known
as pluripotency, to generate any other cell type of the human body. HESC can be differentiat‐
ed in the laboratory, a procedure aimed at the generation of healthy somatic cells that even‐
tually could be used in a large variety of applications including therapeutic options.
However, work with hESC raises ethical concerns regarding the use of human early pre-im‐
plantation embryos, as well as concerns regarding the future use of hESC-derived cells in
non-autologous cell transplantation therapies due to immune rejection of hESC-derived tis‐
sues, given that hESC are non-self. These concerns appeared to be overcome when it was
demonstrated that pluripotency could be induced in differentiated somatic (adult) cells of
the body by introduction of a cocktail of pluripotency-associated transcription factors, usu‐
ally OCT4, SOX2, KLF4 and c-MYC [1]. This process is known as reprogramming, and gener‐
ates human induced pluripotent stem cells (hIPSC), which show an embryonic-like state
similar to hESC (for review see [2]). Human iPSC are considered to have immense potential
for regenerative medicine, do not require the use of donated human embryos for their gen‐
eration and may provide an alternative and suitable resource for autologous cell-based
therapies, in which cells obtained from the patient could be used to generate self-hIPSC fol‐
lowed by differentiation to relevant lineages required for therapeutic intervention. Howev‐
er, disturbingly, mouse experiments have shown that autologous mouse iPSC can induce
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the body by introduction of a cocktail of pluripotency-associated transcription factors, usu‐
ally OCT4, SOX2, KLF4 and c-MYC [1]. This process is known as reprogramming, and gener‐
ates human induced pluripotent stem cells (hIPSC), which show an embryonic-like state
similar to hESC (for review see [2]). Human iPSC are considered to have immense potential
for regenerative medicine, do not require the use of donated human embryos for their gen‐
eration and may provide an alternative and suitable resource for autologous cell-based
therapies, in which cells obtained from the patient could be used to generate self-hIPSC fol‐
lowed by differentiation to relevant lineages required for therapeutic intervention. Howev‐
er, disturbingly, mouse experiments have shown that autologous mouse iPSC can induce
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unexpected T-cell-dependent immune response in syngeneic recipients [3], suggesting that
hIPSC-derived cell types should also be evaluated for immunogenicity before any clinical
application.

Given that: (i) the generation of human iPSC does not require destruction of embryos, (ii)
that many iPSC lines can be established from a single patient, (iii) hIPSC are predicted to
lead to patient specific therapies and (iv) that hIPSC could be used as a source of somatic
cells for toxicology and drug screening studies, many research programs have shifted their
focus from solely hESC-based research to also include work on hIPSC. However, despite the
phenotypic similarities with hESC, recent reports described the worrying phenomena of ele‐
vated genetic [4-6] and epigenetic abnormalities [7-9] in hIPSC, raising concern about the
suitability of hiPSC-derived cell types for future clinical applications. Nevertheless, it ap‐
pears that these abnormalities are not present in all iPSC cell lines and that at least in mouse
studies the current reprogramming methods can produce pluripotent mouse IPSC lines that
lack identifiable genomic alterations [10], a result that calls for additional experiments to ex‐
plain the discrepancies with respect to hIPSC [4-6]. It is becoming increasingly obvious,
based on the studies described, that it is extremely important for hIPSC-derived therapies to
become a reality in the clinic, that researchers develop diagnostic tools to definitively recog‐
nise clinically “safe” and “unsafe” hIPSC lines. This is likely to be a complex and cumber‐
some task due to the large number of methodological approaches used. To date hIPSC lines
have been generated (for review see [2]); using a large number of different vectors to intro‐
duce the transgenes, with variations in the combinations of genes used to induce pluripoten‐
cy, with significant modifications in culture conditions aimed at improving reprogramming
efficiency, and from many of the more than 200 cell types in the human body. It will be a
challenging undertaking to develop individual safety profiles for the multitude of hIPSC
lines developed to date. Additionally, hIPSC-derived cells/tissues intended for clinical appli‐
cations will need to comply with the following conditions: (i) adequate numbers of cells for
transplantation therapy, (ii) hIPSC differentiated progeny need to be tolerated (not immu‐
norejected) by a patient’s immune system and (iii) hIPSC-derived cells should not generate
teratoma-like tumours at any time after transplantation. In vitro and pre-clinical optimisa‐
tions for these parameters are essential before hIPSC-derived technologies reach the clinic.

In this Chapter, we discuss the prospects for clinical applications using pluripotent cells, fo‐
cusing on an evaluation of hIPSC cell potential and on the development of methods for the
identification and removal of unwanted residual tumorigenic pluripotent cells from hIPSC-
derived cell populations following differentiation.

2. The risk of tumour formation from residual pluripotent cells

In vivo, pluripotent stem cells reside only during a short time in embryonic development.
Conversely, in vitro, hESC and hIPSC lines can be propagated indefinitely in the embryonic-
like state and remain pluripotent, or with the appropriate cues they can give rise to a range
of body cell types. For human cells, the most accepted in vivo assay to prove pluripotency is
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the generation of teratomas in immuno-deficient mice (ie: NOD-SCID and NOD/SCID
IL2Rγ-/- mice), by injection of putative pluripotent hPSC into organs like testis, kidney or
muscle. Teratomas are benign solid tumours that contain a mixture of differentiated tissues
such as nerve cells, muscle cells or cartilage. If a human cell line generates teratomas, it is
considered pluripotent, because teratomas emulate differentiation in the developing em‐
bryo, albeit in a disorganised fashion, by generation of tissues resembling different parts of
the embryo known as embryonic germ layers (i.e.: Ectoderm, Mesoderm and Endoderm).

In the clinical context, pluripotent stem cells will not be transplanted, rather the progenitors
and/or specialised somatic cell types that are derived from hPSC will be used. It is the hope
of researchers working in the expanding field of regenerative medicine that hPSC-derived
cell populations will integrate into tissues and receive appropriate cues to functionally cor‐
rect diseased or injured tissue, (i.e.: Parkinson's disease, Huntington's disease, cardiac fail‐
ure, multiple sclerosis or macular degeneration). Therefore, differentiated somatic cell types
are the final product for transplantation and therapeutic applications, and pluripotent stem
cells are the stable source to generate those somatic cells or their progenitors (depending
upon disease context) in the laboratory. In this context, the presence of even low frequency
residual undifferentiated stem cells capable of teratoma formation becomes a highly unde‐
sirable feature when considering hPSC-derived somatic cells for transplantation into pa‐
tients. Differentiated cells will not be deemed safe for use in regenerative medicine if they
generate tumours at any time after transplantation. To comply with this requirement, we
consider that researchers should aim at the generation of pluripotent stem cell-free samples.
Therefore, it will be essential to be able to monitor if any undifferentiated pluripotent cells
remain after differentiation protocols, and if so, remove them without damaging the poten‐
tially therapeutic differentiated cells. Evidence supporting this statement is that it is known
that the numbers of pluripotent cells injected experimentally have a directly proportional ef‐
fect on how fast the teratomas develop and the size of the tumour [11-13]. It has also been
reported that at doses of 1,000 pluripotent cells, teratomas developed with 40% efficiency
but with 10,000 cells the efficiency increased to 100% [12]. However, as few as two pluripo‐
tent cells have been reported to induce teratoma formation in immuno-deficient mice, al‐
though with lower efficiency [11]. Taken together, this might mean that one remaining
pluripotent stem cell in a patient bound cell preparation could lead to teratoma formation.
There is some limited evidence that potentially refutes the tumorgenic potential of low
doses of pluripotent cells. This evidence is demonstrated by experiments showing that two
pluripotent cells transplanted into syngeneic immunocompetent mice practically abolished
tumour formation [11], most likely because those stem cells were cleared by the immune
system. This could be taken to imply that in the clinical context of immuno-competent pa‐
tients, low contamination with human pluripotent stem cells may be safe, but nevertheless
for hPSC-derived cell populations to be approved for use in clinical trials their stringent
elimination will be a requirement. Furthermore, the site of transplantation needs to be taken
into account as not all places in the body are equally permissive for teratoma growth and
development and contaminating hPSC may also migrate to alternative and possibly more
permissive sites for teratoma growth post transplantation. For instance, it has been reported
that similar number of pluripotent stem cells injected into immuno-deprived mice induced
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have been generated (for review see [2]); using a large number of different vectors to intro‐
duce the transgenes, with variations in the combinations of genes used to induce pluripoten‐
cy, with significant modifications in culture conditions aimed at improving reprogramming
efficiency, and from many of the more than 200 cell types in the human body. It will be a
challenging undertaking to develop individual safety profiles for the multitude of hIPSC
lines developed to date. Additionally, hIPSC-derived cells/tissues intended for clinical appli‐
cations will need to comply with the following conditions: (i) adequate numbers of cells for
transplantation therapy, (ii) hIPSC differentiated progeny need to be tolerated (not immu‐
norejected) by a patient’s immune system and (iii) hIPSC-derived cells should not generate
teratoma-like tumours at any time after transplantation. In vitro and pre-clinical optimisa‐
tions for these parameters are essential before hIPSC-derived technologies reach the clinic.

In this Chapter, we discuss the prospects for clinical applications using pluripotent cells, fo‐
cusing on an evaluation of hIPSC cell potential and on the development of methods for the
identification and removal of unwanted residual tumorigenic pluripotent cells from hIPSC-
derived cell populations following differentiation.

2. The risk of tumour formation from residual pluripotent cells

In vivo, pluripotent stem cells reside only during a short time in embryonic development.
Conversely, in vitro, hESC and hIPSC lines can be propagated indefinitely in the embryonic-
like state and remain pluripotent, or with the appropriate cues they can give rise to a range
of body cell types. For human cells, the most accepted in vivo assay to prove pluripotency is
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the generation of teratomas in immuno-deficient mice (ie: NOD-SCID and NOD/SCID
IL2Rγ-/- mice), by injection of putative pluripotent hPSC into organs like testis, kidney or
muscle. Teratomas are benign solid tumours that contain a mixture of differentiated tissues
such as nerve cells, muscle cells or cartilage. If a human cell line generates teratomas, it is
considered pluripotent, because teratomas emulate differentiation in the developing em‐
bryo, albeit in a disorganised fashion, by generation of tissues resembling different parts of
the embryo known as embryonic germ layers (i.e.: Ectoderm, Mesoderm and Endoderm).

In the clinical context, pluripotent stem cells will not be transplanted, rather the progenitors
and/or specialised somatic cell types that are derived from hPSC will be used. It is the hope
of researchers working in the expanding field of regenerative medicine that hPSC-derived
cell populations will integrate into tissues and receive appropriate cues to functionally cor‐
rect diseased or injured tissue, (i.e.: Parkinson's disease, Huntington's disease, cardiac fail‐
ure, multiple sclerosis or macular degeneration). Therefore, differentiated somatic cell types
are the final product for transplantation and therapeutic applications, and pluripotent stem
cells are the stable source to generate those somatic cells or their progenitors (depending
upon disease context) in the laboratory. In this context, the presence of even low frequency
residual undifferentiated stem cells capable of teratoma formation becomes a highly unde‐
sirable feature when considering hPSC-derived somatic cells for transplantation into pa‐
tients. Differentiated cells will not be deemed safe for use in regenerative medicine if they
generate tumours at any time after transplantation. To comply with this requirement, we
consider that researchers should aim at the generation of pluripotent stem cell-free samples.
Therefore, it will be essential to be able to monitor if any undifferentiated pluripotent cells
remain after differentiation protocols, and if so, remove them without damaging the poten‐
tially therapeutic differentiated cells. Evidence supporting this statement is that it is known
that the numbers of pluripotent cells injected experimentally have a directly proportional ef‐
fect on how fast the teratomas develop and the size of the tumour [11-13]. It has also been
reported that at doses of 1,000 pluripotent cells, teratomas developed with 40% efficiency
but with 10,000 cells the efficiency increased to 100% [12]. However, as few as two pluripo‐
tent cells have been reported to induce teratoma formation in immuno-deficient mice, al‐
though with lower efficiency [11]. Taken together, this might mean that one remaining
pluripotent stem cell in a patient bound cell preparation could lead to teratoma formation.
There is some limited evidence that potentially refutes the tumorgenic potential of low
doses of pluripotent cells. This evidence is demonstrated by experiments showing that two
pluripotent cells transplanted into syngeneic immunocompetent mice practically abolished
tumour formation [11], most likely because those stem cells were cleared by the immune
system. This could be taken to imply that in the clinical context of immuno-competent pa‐
tients, low contamination with human pluripotent stem cells may be safe, but nevertheless
for hPSC-derived cell populations to be approved for use in clinical trials their stringent
elimination will be a requirement. Furthermore, the site of transplantation needs to be taken
into account as not all places in the body are equally permissive for teratoma growth and
development and contaminating hPSC may also migrate to alternative and possibly more
permissive sites for teratoma growth post transplantation. For instance, it has been reported
that similar number of pluripotent stem cells injected into immuno-deprived mice induced
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teratomas with 12.5% efficiency in intramuscular injections, 33% in subcutaneous injections,
60% in intratesticular, and approximately 100% under the kidney capsule [14]. Although
many variables can potentially affect teratoma formation, we consider that the most ethical
and safest cell population for transplantation into patients should be classified as pluripo‐
tent stem cell-free.

3. How to purge residual tumorigenic pluripotent stem cells from
differentiated cell types?

To  guarantee  that  no  undifferentiated  pluripotent  stem  cells  are  present  in  a  hESC  or
hiPSC-differentiated progeny intended for transplantation into patients,  researchers need
assays to detect those residual pluripotent cells and efficient methods to purge stem cells
from the differentiated cell populations. A good strategy to detect pluripotent cells is us‐
ing antibodies that detect surface markers on live hPSC that are not present on differen‐
tiated  cell  types.  After  antibody-mediated  detection  of  stem  cells,  other  technologies
could be coupled to  the antibodies  in  order  to  eliminate  residual  pluripotent  stem cells
from  the  transplantation  sample.  For  instance,  Fluorescent  or  Magnetic  Activated  Cell
Sorting (FACS and MACS) could be used with antibody detection for elimination of the
targeted cells.

There are only a few available antibodies that detect cell surface markers on live human
pluripotent  stem cells  (See  table  1).  Researchers,  utilising  the  available  antibodies,  have
described methods to eliminate residual  pluripotent  cells  from samples of  differentiated
cell types. For instance the SSEA-4 antibody first demonstrated its utility in purging plu‐
ripotent stem cells from simian ESC-derived hematopoietic precursors used for transplan‐
tations  into  monkeys  [15].  In  this  study,  researchers  used  SSEA-4  antibody  to  detect
residual  pluripotent  cells  that  persisted  despite  rigorous  and  extended  differentiation
protocols  for  hematopoietic  precursors.  SSEA-4  negative  cells  obtained  by  fluorescence
activated cell sorting (FACS) did not develop teratomas, whereas teratomas were consis‐
tently  observed  in  hematopoietic  precursors  showing  presence  of  SSEA-4  positive  cells
[15]. The SSEA-4 and Tra-1-60 antibodies have also been compared for their efficiency in
detecting  and  removing  residual  hPSC,  by  FACS  or  magnetic-activated  cell  sorting
MACS [16].  This comparison revealed that MACS technology was not efficient for com‐
plete  depletion  of  hESCs,  with  an  average  of  82% retention  of  hESCs,  and  highlighted
that  negative  selection via  FACS may be  a  preferred approach to  eliminate  undesirable
hESCs from differentiated populations  [16].  However,  a  note  of  caution against  the  use
of  single  antibodies  to  detect  hESCs  emerged  from  data  showing  that  47%  of  SSEA-4
low-expressing hESCs exhibited a  high level  of  expression for  TRA-1-60.  Therefore,  de‐
tection of  a  single  cell-surface  marker  may not  be  sufficient  to  eliminate  all  pluripotent
stem  cells,  and  methods  that  use  multiple  antibodies  detecting  different  epitopes  ex‐
pressed by hESCs are more likely to be successful [16].
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Antibody Isotype Cell-surface antigen Source/Supplier Literature reference

GCTM-2 IgM
Keratan sulphate proteogly‐

can (KSPG)-protein core

Kindly donated by Prof. Mar‐

tin Pera

Laslett et al., 2003 [27];

Pera et al.,2003 [28].

mAB 84 IgM
Podocalyxin (PODXL); CD34

family member.

Millipore MAB4414 http://

www.millipore.com
Choo et al., 2008 [17].

PHM-5 IgG1
Podocalyxin (PODXL); CD34

family member.

Millipore MAB430 http://

www.millipore.com

Kerjaschki et al., 1986

[29].

SSEA-3 IgM Globoseries glycolipid
Millipore MAB4303 http://

www.millipore.com
Kannagi et al., 1983 [30].

SSEA-4 IgG3 Globoseries glycolipid
Millipore MAB4304 http://

www.millipore.com
Kannagi et al., 1983 [31].

TG30 (CD9) IgG2a
25kDa tetraspannin protein

CD9

Millipore MAB4427 http://

www.millipore.com

Laslett et al., 2003 [27];

Pera et al., 2003 [28].

TG343 IgM

KSPG-protein core (detects

the same antigen as the

GCTM-2 antibody).

Millipore MAB4346 http://

www.millipore.com
Cooper et al., 2002 [32].

TRA-1-60 IgM KSPG-carbohydrate side chain
Millipore MAB4360 http://

www.millipore.com
Andrews et al., 1984 [33].

TRA-1-81 IgM KSPG-carbohydrate side chain
Millipore MAB4381 http://

www.millipore.com
Andrews et al., 1984 [33].

Table 1. Antibodies that are reactive with cell surface markers expressed on human pluripotent stem cells

The studies described above point to FACS technology coupled to antibody detection of sur‐
face markers as a good strategy to eliminate residual undifferentiated pluripotent cells and
recover differentiated live cells for further applications such as re-culture or transplantation.
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activated cell sorting (FACS) did not develop teratomas, whereas teratomas were consis‐
tently  observed  in  hematopoietic  precursors  showing  presence  of  SSEA-4  positive  cells
[15]. The SSEA-4 and Tra-1-60 antibodies have also been compared for their efficiency in
detecting  and  removing  residual  hPSC,  by  FACS  or  magnetic-activated  cell  sorting
MACS [16].  This comparison revealed that MACS technology was not efficient for com‐
plete  depletion  of  hESCs,  with  an  average  of  82% retention  of  hESCs,  and  highlighted
that  negative  selection via  FACS may be  a  preferred approach to  eliminate  undesirable
hESCs from differentiated populations  [16].  However,  a  note  of  caution against  the  use
of  single  antibodies  to  detect  hESCs  emerged  from  data  showing  that  47%  of  SSEA-4
low-expressing hESCs exhibited a  high level  of  expression for  TRA-1-60.  Therefore,  de‐
tection of  a  single  cell-surface  marker  may not  be  sufficient  to  eliminate  all  pluripotent
stem  cells,  and  methods  that  use  multiple  antibodies  detecting  different  epitopes  ex‐
pressed by hESCs are more likely to be successful [16].
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However, as the viability of hPSC-derived lineage progenitors or more mature cell types can
be compromised post-FACS, caused by shearing forces, laser damage or osmotic stress, oth‐
er technologies such as MACS may be better suited in these instances. Although MACS does
not completely remove all hESCs in a single pass [16], this technology exhibits higher cell
viability than FACS and it is possible that subsequent positive selections by MACS using
multiple antibodies for different hESC cell surface markers could completely remove all
hESCs. An alternative approach to MACS could be to use cytotoxic antibodies directed
against hESC surface antigens or chemicals that could selectively eliminate hESCs without
affecting their derivatives. An example of a cytotoxic antibody that detects and removes
hESCs is the monoclonal antibody mAB-84 [17], which binds to PODXL (Podocalyxin-like
protein 1) on hESCs and initiates a sequence of events that leads to hESC-membrane dam‐
age by formation of leaking pores [18]. It has been proposed that using the monoclonal anti‐
body mAB-84 in a two-step cell-cell separation approach can eliminate teratoma-forming
hESC from differentiated cell types [19]. In this strategy, an initial depletion of hESCs was
achieved via MACS using a panel of commonly used hESC cell-surface markers, which was
followed by selective elimination of residual undifferentiated stem cells post-MACS using
the cytotoxic antibody mAB-84, an approach that appears to increase the safety of cell trans‐
plantation [19].

Selective elimination of residual human pluripotent stem cells after differentiation can al‐
so  be  achieved  by  targeting  apoptosis-meditating  receptors  that  are  differentially  ex‐
pressed  in  undifferentiated  stem  cells  and  absent  in  hESC  derivatives.  Therefore,
stimulation of these specific hESC apoptotic receptors induce programmed cell death on‐
ly in the residual stem cells without affecting their differentiated progeny. One example
of this kind of receptor is the prostate apoptosis response-4 (PAR-4), which mediates ce‐
ramide  or  ceramide-analogue-induced  apoptosis  in  proliferating  stem  cells  [20].  The
apoptotic response appears to be specific for PAR-4(+) stem cells, and given that ESC-dif‐
ferentiated progenies  such as  neuro-progenitors  express  very  low levels  of  PAR-4,  they
are  less  sensitive  to  ceramide  induced  apoptosis  [20].  Using  this  approach,  ceramide
treatment appears to prevent teratoma formation when transplanting neural  progenitors
derived from ES cells [20] although it is likely that regulatory assays will require a more
stringent method. Although PAR-4 induced apoptosis by ceramides appears an effective
way to  eliminate  residual  pluripotent  stem cells  following differentiation,  this  approach
has not been broadly tested.

4. Antibodies against cell surface markers
of human stem cells

The  scarcity  of  antibodies  directed  against  cell  surface  markers  that  recognize  live  hu‐
man pluripotent stem cells (See table 1) is compounded by the fact that most of these an‐
tibodies  lack  identification  of  their  encoding  gene.  Indeed,  some cell  surface  antibodies
do  not  recognize  proteins,  but  complex  carbohydrate  and  lipid  moieties  for  which  the
corresponding gene is not yet identified. Despite this,  these complex moieties are strong
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antigens  that  elicit  highly  sensitive  antibodies  that  recognize  human  pluripotent  stem
cells.  Furthermore,  a  caveat  is  that  stem-cell  antibodies  could  also  be  immunoreactive
with  some  embryonic  tissues,  or  some  mature  cell  types,  becoming  problematic  with
some hESC differentiation protocols.  Therefore,  depending on the phenotype of  the tar‐
get  somatic  cells,  selected  antibodies  used  to  detect  human pluripotent  cells  should  be
selected  that  do  not  react  with  the  differentiated  cells  intended for  transplantation.  For
instance,  if  working with  hESC-derived renal  tissues  for  treatment  of  kidney disorders,
PODXL  antibodies  should  not  be  used  alone  to  detect  stem  cells  because  Podocalyxin
protein is also expressed in glomerular podocytes.

The information in the previous section demonstrates that FACS and MACS technologies
are  potential  methods for  the elimination of  residual  pluripotent  cells  following in  vitro
differentiation (Figure 1).  Both methodological approaches use cell surface antibodies for
the labelling and detection of  undifferentiated live hPSC. The advantage of  live cell  de‐
tection using either FACS or MACS is the ability to retrieve live hESC or hIPSC-deriva‐
tives  that  could  be  used  for  in  vitro  re-culture  and  expansion,  or,  ultimately,
transplantation. However, FACS and MACS studies have also revealed the immunologi‐
cal complexity of in-vitro  hESC cultures. HESC cultures contain a continuum of different
subpopulations,  where  some  hESC  subpopulations  express  low  levels  of  one  surface
marker  and  at  the  same  time  high  levels  of  another  [16,  21-23].  These  findings  imply
strongly  that  a  single  cell-surface  marker  is  not  sufficient  to  eliminate  all  pluripotent
stem cells [16, 21-23]. Therefore, any attempt to eliminate all hESC pluripotent subpopu‐
lations should rely on methods that  use multiple antibodies detecting different epitopes
expressed by hESCs. For instance, SSEA-4-coupled MACS showed an average 82% reten‐
tion of hESCs [16], but when a panel of cell surface antibodies directed to different epito‐
pes  was  used  with  MACS,  the  removal  of  undifferentiated  hESCs  raised  to  98%  on
average [19].

In  our  laboratory,  we  have  been  working  on  the  development  of  monoclonal  antibody
panels  against  extracellular  markers  that  allow  efficient  human  pluripotent  cell  separa‐
tion from mixed populations of cultured cells, an essential requirement for safe hESC or
hIPSC-based therapeutics [21-24]. Towards this end, we have reported a FACS-based im‐
muno-transcriptional profiling system based on the detection of two pluripotency-associ‐
ated  cell  surface  antigens  TG30  (CD9)  and  GCTM-2,  [25-26].  This  method  is  useful  to
characterise  multiple  human pluripotent  stem cell  lines,  and to  identify  the  subpopula‐
tions  that  are  found  in  hESC  in-vitro  continuous  culture  [21-22].  Ongoing  unpublished
observations indicate that this double staining of human stem cells using two cell-surface
markers is a better way to eliminate residual and persistent undifferentiated pluripotent
cells  using FACS in  both hESC and hIPSC lines.  Nevertheless,  we are  aware that  there
will  be differentiation contexts  in which TG30 (CD9) and GCTM-2 might  not  be appro‐
priate or sufficient to purge pluripotent cells from particular differentiated hPSC-deriva‐
tives.  Therefore  there  is  a  real  need  for  new  monoclonal  antibodies  that  detect  cell
surface proteins on live hPSC.
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Figure 1. Potential approaches to eliminate residual pluripotent stem cells after in vitro differentiation. Shown
are two potential methods that could be used to purge residual tumorigenic pluripotent stem cells from differentiat‐
ed cell types. (A): Human pluripotent stem cells (hPSC) are able to self-renew indefinitely in vitro. (B): These pluripotent
cells can be induced to differentiate in vitro to generate healthy progenitors and/or specialised somatic cell types that
could potentially be used for transplantation and therapeutic applications. However, it is essential to monitor if any
residual undifferentiated pluripotent cells remain after differentiation protocols. If undifferentiated stem cells remain,
these cells should be removed without damaging the potentially therapeutic differentiated cells. Two good strategies
for elimination of residual pluripotent cells are Magnetic Activated Cell Sorting (C: MACS) and Fluorescence Activated
Cell Sorting (D: FACS). Both technologies are coupled to antibody detection of cell surface markers and allow retrieval
of live hPSC-derivatives that could be used for further in vitro re-culture and expansion, or in due course transplanta‐
tion (E).
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5. Conclusions

Human pluripotent  stem cells,  namely hESC and hIPSC lines,  may be the future  main‐
stay of medicine, providing a plethora of medical applications and transplantation thera‐
pies aimed at the correction of an important number of pathological disorders. However,
reaching clinical  applications based on hPSC-therapies has not been as fast  as expected.
The ability to generate hIPSC lines from a variety of tissue sources has brought hIPSC re‐
search  clearly  into  the  spotlight,  but  reports  on  their  epigenetic  instability  and  genetic
variability suggest that these cells are not yet clinic-ready. In addition, the concern of tu‐
morigenesis or teratoma formation is an unsolved problem for both hESC and hIPSC re‐
search.  If  differentiation  protocols  are  not  100%  efficient  and  yield  a  mixture  of
differentiated and undifferentiated cells,  this  presents  a  significant  risk  of  teratoma for‐
mation after transplantation. It is clear that adequate safety assays for hESC or hIPSC-de‐
rived technologies  are  of  the  utmost  importance  to  aid  in  the  safe  translation from the
bench to the clinic. This includes the essential monitoring of any residual undifferentiated
pluripotent  cells  after  differentiation  protocols,  an  unavoidable  methodological  step  in
any sample to be used in the clinic. A variety of approaches have been discussed in this
chapter to help to eliminate the undesirable residual pluripotent stem cells from samples
intended for transplantation. However, there is an ongoing need to improve these separa‐
tion methods in order to achieve hPSC free samples in a rapid, easy, safe, cost effective,
scalable and clinically applicable way. We expect that novel cell-surface antibodies recog‐
nizing live pluripotent stem cells will strongly contribute to this ongoing search.
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1. Introduction

With the increasing number of patients suffering from damaged or diseased organs and the
shortage of organ donors, the need for methods to construct human tissues outside the body
has arisen. Tissue engineering is a newly emerging biomedical technology and methodology
which combines the disciplines of both the materials and life sciences to replace a diseased
or damaged tissue or organ with a living, functional engineered substitute [1, 2]. The so-
called triad in tissue engineering encompasses three basic components called scaffold, cell
and signaling biomolecule.

Whatever the approach being used in tissue engineering, the critical issues to optimize any
tissue engineering strategy toward producing a functional equivalent tissue are the source
of the cells and substrate biomaterial to deliver the cells in particular anatomical sites where
a regenerative process is required. Due to their unique properties, stem cells and polymeric
biomaterials are key design options. Briefly, stem cells have the ability to self-renew and
commit to specific cell lineages in response to appropriate stimuli, providing excellent re‐
generative potential that will most likely lead to functionality of the engineered tissue. Poly‐
meric materials are biocompatible, degradable, and flexible in processing and property
design. A major focus of tissue engineering, therefore, is to utilize functional polymers with
appropriate characteristics, as a means of controlling stem cell function. Based on their dif‐
ferentiation potential, stem cells used for tissue engineering can be divided into two catego‐
ries: pluripotent stem cells and multipotent stem cells. Pluripotent stem cells include
embryonic stem cells (ESCs) as well as induced pluripotent stem cells (iPSCs). Because ESCs
are isolated from the inner cell mass of the blastocyst during embryological development,
their use in tissue engineering is controversial and more limited while more attention has
been paid to adult stem cells, which are multipotent and have a larger capacity to differenti‐
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ate into a limited number of cell types [3]. Adult stem cells can be found in many adult tis‐
sue types including bone marrow, peripheral blood, adipose tissues, nervous tissues,
muscles, dermis, etc. For instance, mesenchymal stem cells (MSCs) which reside in the bone
marrow can differentiate into bone (osteoblasts) [4], muscle (myoblasts) [5], fat (adipocytes)
[6] and cartilage (chrondocytes) [3] cells, while neural stem cells (NSCs) either give rise to
support cells in the nervous system of vertebrates (astrocytes and oligodendrocytes) or neu‐
rons [7]. In vivo, differentiation and self-renewal of stem cells are dominated by signals from
their surrounding microenvironment [8]. This microenvironment or “niche” is composed of
other cell types as well as numerous chemical, mechanical and topographical cues at micro-
and nano-scales, which are believed to serve as signaling mechanisms to determine cell-spe‐
cific recruitment, migration, proliferation, differentiation as well as the production of
numerous proteins required for hierarchical tissue organization [9].

In vivo, the cells are surrounded by a biological matrix comprising of tissue-specific combi‐
nations of insoluble proteins (e.g. collagens, laminins, and fibronectins), glycosaminoglycans
(e.g. hyaluronan) and inorganic hydroxyapatite crystals (in bone) that are collectively refer‐
red to as the extracellular matrix (ECM). The varied composition of the ECM components
not only contains a reservoir of cell-signaling motifs (ligands) and growth factors that guide
cellular anchorage and behavior, but also provides physical architecture and mechanical
strength to the tissue. The spatial distribution and concentration of ECM ligands, together
with the tissue-specific topography and mechanical properties (in addition to signals from
adjacent cells—juxtacrine signalling—and the surrounding fluid), provide signaling gradi‐
ents that direct cell migration and cellular production of ECM constituents. In this dynamic
environment, the bidirectional flow of information between the ECM and the cells mediates
gene expression, ECM remodeling and ultimately tissue/organ function.

Native  ECM  exhibits  macro-  to  nano-scale  patterns  of  chemistry  and  topography  [10].
Tissue stiffness is also known to vary depending on the organ type, disease state and ag‐
ing process [11-13].  In tissue culture, stem cell  differentiation has traditionally been con‐
trolled by the addition of soluble factors to the growth media [14]. However, most stem
cell  differentiation  protocols  yield  heterogeneous  cell  types  [15,  16].  Moreover,  cells  en‐
counter  very  different,  unfamiliar  surfaces  and  environments  when  cultured  in  vitro  or
when materials are implanted into the body. Therefore, it is desirable to use more biomi‐
metic in vitro  culture conditions to regulate stem cell fate so as to advance clinical trans‐
lation  of  stem  cells  through  better  expansion  techniques  and  scaffolding  for  the
regeneration  of  many  tissues.  Recent  advances  have  facilitated  further  the  creation  of
substrates  with  precise  micro-  and  nano-cues,  variable  stiffness  and  chemical  composi‐
tion to better mimic the in vivo  microenvironment [2, 17, and 18]. By employing various
novel  approaches,  tissue  engineers  aim  to  incorporate  topographical,  mechanical  and
chemical cues into biomaterials to control stem cell fate decisions [2, 18, and 19].

This chapter will  present various biomaterial  designing considerations and strategies for
stem cell-based tissue engineering for  development  as  carriers  for  stem cells  facilitating
the in vivo use of stem cells in tissue engineering. This part first presents some biomimet‐
ic  approaches  to  designing  novel  polymeric  biomaterials  with  appropriate  physical,
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chemical, mechanical, and biological cues mimicking the natural stem cell niche in order
to  direct  the  desired  stem  cell  behavior  to  facilitate  the  regeneration  of  desired  tissues
with particular emphasis on using adult stem cells including MSCs and NSCs. The next
part will introduce some new trends emerging in the field of tissue engineering in terms
of both cellular biology and biomaterial point of view in order to improve the overall ef‐
ficiency of  tissue regeneration for effectively controlling the cell  fate and translating the
stem cell research into much needed clinical applications in a not-too-distant future. The
topics discussed in the latter part include 2D polysaccharide-based hydrogel scaffolds de‐
signed in the authors'  studies for muscle tissue engineering applications.  Hydrogel scaf‐
folds  made  of  natural  polymers  with  proper  handling  for  surgery  and  mechanical
properties  similar  to  muscle  tissue,  which  could  promote  the  desired  muscle-derived
stem cell behavior on the surface were developed in this study.

2. Biomimetic microenvironment design strategies

Damaged tissues often lose deeper layers which contain stem cell niches. In such cases, bio‐
materials could be useful tools for reestablishing the niches' functionality [20]. Artificial
niches would need to incorporate appropriate ‘homing’ signals able to either localize endog‐
enous stem cells or direct the desired incorporated exogenous stem cell behavior by means
of developing various microenvironment design parameters including the dynamic control
of soluble and surface-bound cytokines, ECM, cell-cell interactions, mechanical forces and
physicochemical cues [21, 22].

The  use  of  biomaterials  as  scaffolds  is  a  fundamental  component  of  tissue  engineering
since these materials serve as templates for tissue formation and are engineered depend‐
ing on the tissue of  interest.  These scaffolds provide structural  and mechanical  support
for  the  cells  as  well  as  present  cues  inducing  tissue  repair.  The  structure,  morphology,
degradation and presentation of  bioactive sites  are  all  important  parameters  in  material
design for these applications and may signal  the differentiation of  stem cells.  Beside all
the parameters related to the biomaterials  scaffold,  there are some other factors such as
chemical  cues  (e.g.  soluble  reagents  in  terms  of  both  concentration  and  their  gradient,
medium pH),  mechanical  cues  (e.g.  fluid  shear  stress)  and other  types  of  cues  (electric
and magnetic  field)  which are  believed to  have significant  effect  on stem cell  behavior.
These factors are reviewed extensively elsewhere [23, 24].

Figure 1 summarizes the biomimetic microenvironment design strategies for controlling
stem cell behavior including chemical/biochemical (e.g. growth/differentiation factor presen‐
tation, density and gradient), structural, mechanical and some other types of cues.

Engineering these design parameters will effectively yield materials that create an architec‐
ture resembling the native environment for stem cells, and have controlled mechanical prop‐
erties enabling adhesion and thus enhancing contractility in the cellular cytoskeleton, and
present ligands directing intracellular signaling and gene expression. This section provides
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an overview of biomimetic microenvironment design strategies to direct the stem cell behav‐
ior for tissue engineering applications.

Figure 1. The biomimetic microenvironment design strategies for controlling stem cell fate

2.1. Chemical and biochemical cues

Biochemical cues are generally provided by soluble ligands, which may be either secreted
by paracrinal cells or supplied by a capillary network in the human body. Insoluble ligands,
which are adhesion proteins or molecules such as collagen, laminin and carbohydrates, are
also present. Biochemical factors typically influence the cell microenvironment in a concen‐
tration or gradient-dependent manner.

Chemical  and biochemical  means are  the  first  choice  for  stem cell  differentiation.  Small
ions, growth factors, and cytokines can exert potent, long-range effects over stem cell mi‐
croenvironments.  Owing to their  relative ease of  study,  soluble  biochemical  cues  and their
downstream  signal  transduction  pathways  are  the  best  characterized  determinants  of
stem cell fate and have been extensively used in ex vivo stem cell culture systems, as ex‐
tensively discussed elsewhere [24-26].  Therefore,  the following section will  mainly focus
upon the application of other types of soluble signals such as dissolved oxygen as well as
insoluble  chemical  and  biochemical  cues  (e.g.,  immobilized  growth  factor,  extracellular
matrix material, etc) to engineered niches.

In vivo, numerous growth factors and morphogens are immobilized by binding to the ECM
through specific heparin-binding domains or by direct binding to ECM molecules such as
collagen, or direct anchoring to cell membranes [27]. Immobilization of growth factors in
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this manner can serve to increase local concentration of the protein by hindering diffusion
and receptor-mediated endocytosis. For example, the morphogen Sonic hedgehog (Shh) is
modified at its termini by lipids that link it to the cell membrane and thereby limit its mobi‐
lity. Removing the lipids dilutes the factor to a lower concentration and thereby shrinks its
effectiveness [28, 29]. Accordingly, mimicking the natural immobilization of cytokines is one
approach utilized by engineers to concentrate factors in proximity to the cell surface in a
manner that activates target signaling pathways effectively, and reduces, as well, the levels
of growth factor necessary to elicit a potent cellular response.

An early study exploring this design concept focused on epidermal growth factor (EGF) [30]
which is beneficial in repairing the damaged tissues, but is often difficult to deliver at suffi‐
ciently high concentrations to mediate downstream signaling events as it does not contain a
matrix-binding domain and rapidly undergoes receptor-mediated endocytosis [31]. In a re‐
cent example involving human and porcine MSCs, amine-targeting chemistry was used to
tether EGF to the surface of poly (methyl methacrylate)-graft-poly (ethylene oxide) comb
polymers [32]. The tethered EGF led to sustained EGF receptor signaling and subsequent
cellular responses including cell spreading and protection from apoptosis, whereas saturat‐
ing levels of soluble EGF did not. Sakiyama-Elbert et al. incorporated heparin into biomate‐
rial scaffolds to allow for immobilization of basic fibroblast growth factor (bFGF) [33]. bFGF
was released either passively by diffusion, or actively via heparinases secreted by neighbor‐
ing cells, thereby allowing for a controlled release and presentation of signal which was not
possible with soluble growth factor delivery. The same delivery system has been used for
differentiation of murine ESCs into mature neural cell types, including neurons and oligo‐
dendrocytes, indicating that biomaterials scaffolds functionalized with immobilized growth
factors may be a potential strategy for generation of engineered tissue for treatment of spi‐
nal cord injury [34]. Finally, in a recent study, polymer substrates functionalized with the
signaling domain of Shh supported enhanced osteogeneic differentiation of bone marrow-
derived MSCs, as compared to cells cultured on the same surfaces with soluble Shh at the
same concentration [35]. This example further demonstrates how growth factor or morpho‐
gen immobilization serves as an effective means to achieve sustained activation of down‐
stream signaling pathways due in part to the finding that the local concentration in the
scaffold was greater for immobilized growth factor than for soluble form.

There is a significant scope in the application of surface modifications, despite the use of
protein biomolecules to provide more cues for cell adhesion, proliferation and differentia‐
tion. Arg-Gly-Asp (RGD) sequence and several natural proteins like collagen, laminin and
fibronectin were shown to be essential for cell attachment to polymeric material surfaces de‐
void of any cell recognition sites [36, 37]. The immobilization of these proteins to polymers
not only promotes cell adhesion and proliferation but also increases hydrophilicity of the
polymers such as aliphatic polyesters. One such surface functionalization for biopolymer
substrate surfaces is attachment of RGD peptides that is the most effective and often em‐
ployed peptide sequence for stimulating cell adhesion on synthetic polymer surfaces. This
peptide sequence can interact with integrin receptors at the focal adhesion points. Once the
RGD sequence is recognized by the integrins, it will initiate an integrin-mediated cell attach‐
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not only promotes cell adhesion and proliferation but also increases hydrophilicity of the
polymers such as aliphatic polyesters. One such surface functionalization for biopolymer
substrate surfaces is attachment of RGD peptides that is the most effective and often em‐
ployed peptide sequence for stimulating cell adhesion on synthetic polymer surfaces. This
peptide sequence can interact with integrin receptors at the focal adhesion points. Once the
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ment pathway and activate signal transduction between the cell and ECM, thus influencing
various cell behaviors on the substrate including proliferation, differentiation, survival and
migration [38]. Roeker et al. showed that the composite materials modified by immobilizing
poly-L-lysine and BMP-2 as bioactive ligands on the ceramic surface had promising poten‐
tial to enhance the adhesion of hMSCs and directing cell differentiation into osteoblasts [39].
In another study, it was demonstrated that hMSCs encapsulated in poly (ethylene glycol)
(PEG)/ RGD hydrogels undergo chondrogenic differentiation in the presence of TGF-β3.
More importantly, this effect has been found to be RGD-dose dependent and there is an op‐
timal concentration of RGD present in PEG hydrogels, which improves cell viability and
promotes chondrogenesis [40].

In spite of the addition of differentiation factors in the culture media, the matrix materials
which support the cells affect the differentiation of stem cells as well. Mauney et al. found
that the matrix-denatured collagen type I is more capable in retaining the osteogenic differ‐
entiation potential in vitro and even bone-forming capacity in vivo of hMSCs than the con‐
ventional tissue culture plastic [41]. Mwale et al. discerned that bi-axially oriented
polypropylene plasma treated in ammonia reduced upregulation of the expression of osteo‐
genic marker genes, such as alkaline phosphatase (ALP), bone sialoprotein and osteocalcin
significantly [42]. According to a report presented by Ager et al. [43], collagen I/III and
PLLA porous scaffolds showed certain osteoinductive properties without Dex, ascorbic acid,
and βGP (DAG) stimulation, verified by immunocytochemical staining against osteoblast-
typical markers and completed by calcified matrix detection. Wang et al. demonstrated that
ascorbic acid-functionalized poly (methyl methacrylate) can modulate the proliferation and
osteogenic differentiation of early and late-passage bone marrow-derived hMSCs [44].

More recently, Xu et al. showed that hMSCs attached, and subsequently proliferated and
differentiated toward the osteogenic lineage on the biomimetic bioglass-collagen-hyaluronic
acid-phosphatidylserine (BG-COL-HYA-PS) composites to a significantly higher degree
compared to those cells on the BG-COL, BG-COL-HYA composites, suggesting the BG-COL-
HYA-PS composite porous scaffolds have high potential for bone tissue engineering [45]. In
another study, it was shown that the incorporation of gelatin in the poly [(L-lactide)-co-(e-
caprolactone)] (PLCL) nano-fibers stimulated the adhesion and osteogenic differentiation of
hMSCs, suggesting that the chemical composition of the underlying scaffolds play a key role
in regulating the osteogenic differentiation of hMSCs [46].

Regarding  chondrogenic  differentiation,  investigating  the  effect  of  cartilage-tissue  chon‐
droitin-sulfate  (CS)  in  a  fibrin  scaffold  on  the  differentiation  of  adipose-derived  adult
stem cells into chondrocytes revealed the significant effect of CS on the differentiation ef‐
ficiency.  It  can  be  concluded that  the  fibrin–CS matrices  mimicking native  cartilage  ex‐
tracellular  matrix  could  act  as  a  three-dimensional  scaffold  for  cartilage  tissue
engineering and have the  potential  for  promoting the  differentiation of  adipose-derived
adult stem cells into chondrocytes [47].

Since the chemical  properties of  substrates (e.g.,  hydrophobicity)  play an important role
in the kinetics of protein adsorption and folding, which in turn influence cellular activi‐
ties,  direct  the  stem  cells’  fate  can  be  controlled  by  chemical  modification  of  the  sub‐
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strate.  Surface  modification  techniques  such  as  plasma  treatment,  ion  sputtering,
oxidation and corona discharge affect  the chemical  and physical  properties  of  the poly‐
mer  surface  without  significantly  changing  the  bulk  material  properties.  For  example,
plasma processes makes it possible to change the chemical composition and properties of
the  polymer  system such  as  hydrophobicity,  surface  energy,  refractive  index,  hardness,
chemical inertness and biocompatibility [48]. Plasma techniques can easily be used to in‐
duce the desired groups or chains onto the surface of a polymer [49, 50]. Appropriate se‐
lection of  the  plasma source  facilitates  the  introduction of  diverse  functional  groups on
the polymer surface to improve biocompatibility or to allow subsequent covalent immo‐
bilization of various bioactive cues. For instance, plasma treatments with oxygen, ammo‐
nia,  or  air  can  generate  carboxyl  groups  or  amine  groups  on  the  polymer  surface  [51,
52].  A variety of ECM protein components such as gelatin,  collagen, laminin,  and fibro‐
nectin  could  be  immobilized  onto  the  plasma-treated  surface  to  enhance  cellular  func‐
tions [53]. Curran et al. show that stem cell differentiation is guided by surface chemistry
and energy, independent of inductive media [54]. Although all the surfaces tested main‐
tained cell viability, silanized hydrophobic surfaces with CH3  end groups (with low sur‐
face  energy)  maintain  MSC  phenotype,  while  increasing  the  surface  energy  by  adding
NH2-  or  SH- terminal  groups promotes  osteogenesis.  Further  increase of  surface  energy
by addition of OH or COOH moieties promotes chondrogenesis.  However,  there are re‐
ports  indicating  that  both  hydrophobicity  and  surface  energy  play  a  role  in  cell  adhe‐
sion,  but  only  in  the  short  term  until  cells  themselves  modulate  their  extracellular
environment [55, 56].

Probably one of the best known soluble reagents is dissolved oxygen. Typical oxygen con‐
centrations in vivo vary from 12.5 to 5%, whilst the oxygen concentration in cell culture incu‐
bators is the same as that in the air, which is 20%. Several reports show that lowered oxygen
concentrations (5%) increase stem cell proliferation [57-59]. Grayson et al. [60] have shown
that even lower oxygen concentrations of about 2% increase MSC proliferation whilst main‐
taining an undifferentiated state, thus suggesting that hypoxic conditions are the character‐
istic of the niche environment. Some authors have observed an induction of adipose-like
phenotype in MSCs in severe hypoxia (1%) [61], whilst others showed that adipogenesis is
suppressed at 6% oxygen compared to 20% oxygen [62]. Lennon et al. reported that rat
MSCs exposed to 5% oxygen during amplification show enhanced osteogenesis after im‐
plantation, compared with cells amplified in 20% which may probably be due to increased
proliferation as suggested above [63]. Buckley et al. showed the beneficial response of chon‐
drocyte cells to a low oxygen environment in the absence of TGF-β, suggesting that hypoxia
can be used as an alternative to growth factor stimulation to engineer cartilage from culture-
expanded chondrocyte [64].

2.2. Structural cues

Biomaterial scaffolds take on a variety of structures based on their material composition and
processing for forming 3D environments. These materials consist of natural polymers such
as collagen, hyaluronic acid, fibrin, alginate, or synthetic polymers such as polyethylene gly‐
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drocyte cells to a low oxygen environment in the absence of TGF-β, suggesting that hypoxia
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col (PEG), dextran, or polyvinyl alcohol and can be formed into hydrogels, fibrous struc‐
tures, and microporous scaffolds [65,66]. Figure 1 illustrates examples of the structure of
each of these scaffold types. The biomaterial structure controls how a cell interacts with the
material and is important in stem cell fate decisions as the presentation of cues and cellular
morphology are dependent on this structure.

Hydrogels  are comprised of  insoluble networks of  cross-linked polymers with high wa‐
ter contents [67]. Hydrogels with the ability to encapsulate stem cells have been used for
applications such as cartilage [68, 69] and cardiac [70, 71] tissue regeneration. In order to
achieve  tissue  formation,  stem cells  must  either  be  encapsulated  within  or  recruited  to
the hydrogel.  Some recently  reported applications  of  hydrogel  in  tissue engineering are
presented the following part.

Hydrogels such as those derived from alginate, collagen and hyaluronic acid have been
found to be quite promising – they provide a homogeneous, structureless soft 3D environ‐
ment which is probably ideal for stem cell proliferation and maintenance, as well as for dif‐
ferentiation into softer tissues such as neural or hepatic [72, 73]. Pranga et al. showed the
promotion of oriented axonal regrowth in the injured spinal cord by alginate-based aniso‐
tropic capillary hydrogels [74]. In a recent study, Nguyen et al. demonstrated that a three-
layer polyethylene glycol-based hydrogel creates native-like articular cartilage with
spatially-varying mechanical and biochemical properties that can direct a single MSC popu‐
lation to differentiate into the superficial, transitional, or deep zones of articular cartilage.
They concluded that spatially-varying biomaterial compositions within single 3D scaffolds
can stimulate efficient regeneration of multi-layered complex tissues from a single stem cell
population. The ability to generate such zone-specific tissue could eventually allow tissue-
engineering of more native-like articular cartilage substitutes with spatially varying ECM
composition and mechanical properties [75, 76]. Moreover, injectable hydrogels have been
extensively explored as cell delivery systems with the advantage that cells and biomolecules
can be readily integrated into the gelling matrix [77, 78]. The injectable nature of the hydro‐
gels provides the attractive feature of facile and homogenous cell distribution within any de‐
fect size or shape prior to gelation. In addition, injectable hydrogels allow good physical
integration into the defect and facilitating the use of minimally invasive approaches for ma‐
terial delivery [79, 80]. Tan et al. demonstrated the usefulness of the aminated hyaluronic
acid-g-poly (N isopropylacrylamide) copolymer as an injectable hydrogel for adipose tissue
engineering [81]. Recently, Tan et al. demonstrated that the thermo-sensitive alginate-based
injectable hydrogel has attractive properties that make it suitable as cell or pharmaceutical
delivery vehicles for a variety of tissue engineering applications [82].

Although hydrogels provide a highly controlled 3D microenvironment for cells, the nature
of this scaffold does not entirely mimic the structure of native ECM. Generally the cells en‐
counter and respond to basement membrane topography in the in vivo environment mainly
composed of networks of pores, ridges, and fibers made by ECM molecules such as colla‐
gen, fibronectin and laminin at length scales ranging from nano- to micro-scale [83]. It is
therefore important to incorporate features at such length scales into the development of bi‐
omaterials suitable for stem cell therapies.
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One of the most widely used biomaterial structures for tissue engineering involves micropo‐
rous scaffolds, which can form interconnected porous networks that allow for cellular infil‐
tration and tissue formation. These scaffolds are often formed with leachable components
around which the desired polymer forms a scaffold [84]. Upon removal of the leachable
components, a 3D structure can be obtained with varying parameters such as pore size, po‐
rosity, and interconnectivity. Aronin et al. created poly-(e-caprolactone) scaffolds with var‐
ied pore sizes and interconnectivity to monitor osteogenesis of dura mater stem cells [85].
High porosity and adequate pore-size are key requisites to increase the surface area availa‐
ble for cell attachment and tissue in-growth in order to facilitate the uniform distribution of
cells and the adequate transport of nutrients. Murphy et al. has investigated the effect of
mean pore size on cell behavior in collagen–glycosaminoglycan scaffolds for bone tissue en‐
gineering application [86]. The results show that cell number was highest in scaffolds with
the largest pore size of 325 μm. While the increased surface area provided by scaffolds with
small pores may have a beneficial effect on initial cell adhesion but ultimately the improved
cellular infiltration provided by scaffolds with larger pores outweighs this effect and sug‐
gests these scaffolds might be optimal for bone tissue repair. Kasten et al. also showed that
porosity, distribution and size of the pores of beta-tricalcium phosphate ceramic scaffold can
influence protein production and osteogenic differentiation of hMSCs [87]. Tayton et al.
have compared the porous and non-porous versions of poly (DL-lactide) for potential clini‐
cal use as alternatives to allografts in impaction bone grafting [88]. The results showed that
the skeletal stem cells differentiated along the osteoblastic lineage in porous samples com‐
pared to the non-porous versions. This feature may result from the fact that the 3D micro-
architecture could distribute cellular binding sites in a variety of specific spatial locations
rather than on only the single plane of rigid substrate, as in traditional two-dimensional 2D
architecture of cell culture plastic or the surface of the non-porous polymers. Cells, there‐
fore, may have cytoskeletal adaptor proteins on a 3D matrix in addition to proteins present
in 2D focal adhesions [89, 90]. Such differences in cell adhesion on the porous and non-po‐
rous polymers may therefore lead to different signal transduction and subsequent alteration
in cellular rearrangement.

Natural ECM consists of various protein fibrils and fibers interwoven within a hydrated
network of glycosaminoglycan chains [91].  The nano-scale structure of the ECM offers a
natural network of intricate nano-fibers to support cells and present an instructive back‐
ground  to  guide  their  behavior  [92-94].  Each  nano-fiber  provides  the  way  for  cells  to
form tissues as complex as bone, liver, heart, and kidney. Researchers try to fabricate fi‐
bers to mimic the natural ECM as a support for cell growth. The proliferation and osteo‐
genic  differentiation of  MSCs was  investigated in  3D non-woven fabrics  prepared from
polyethylene terephthalate (PET) microfiber by Takahashi et al. They showed that the at‐
tachment, proliferation and bone differentiation of MSCs were influenced by the fiber di‐
ameter  and  porosity  of  non-woven  fabrics  in  the  scaffolds  [95].  Several  reports  have
demonstrated that  nano-fibers  are more favorable than micro-fibers,  suggesting that  cell
activities can further be regulated by the size of the fiber [96-98] in terms of the biologi‐
cal  response  of  chondrocytes,  NSCs  and  endothelial  cells  cultured  on  nanofibrous  and
microfibrous  scaffolds.  Although the  mechanisms by which a  nano-fibrous  scaffold  acts
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as a selective substrate are not known yet, it is clear that the enhanced adsorption of cell
adhesion matrix  molecules  enhances cell  adhesion.  Xin et  al.  also confirmed that  PLGA
nano-fibers accommodate the survival and proliferation of human MSCs. hMSCs, as well
as hMSC-derived chondrogenic and osteogenic cells,  apparently attach to PLGA nano-fi‐
bers, and yet assume different morphological features [99]. These results demonstrate the
full  support  of  multi-lineage  differentiation  of  MSCs  within  nano-fibrous  scaffolds  and
the  feasibility  of  multi-phasic  tissue  engineering  constructs  using  a  single  cell  source,
which  is  of  particular  relevance  to  the  development  of  multi-phasic  tissue  constructs.
However,  there  are  very  few  in-depth  studies  on  nano-fiber  topographical  effects  on
stem cell differentiation. Other nano-scaled topographical features such as steps, grooves,
pillars and pits also modulate cell behavior, as reviewed elsewhere [100].

Currently, there are three techniques available for the synthesis of nano-fibers: electrospin‐
ning, self-assembly, and phase separation. In particular, electrospinning technique is the
most widely studied technique which has attracted wide attention due to its applicability for
a variety of synthetic and natural polymers, exhibiting the most promising results for tissue
engineering applications. Electrospinning is a spinning method to generate submicron to
nanometer scale fibers from polymer melts or solutions. It is a physical process to obtain fi‐
bers from a bulk polymer of interest under the applied electric field. The most commonly
used polymers for nano-fiber fabrication using electrospinning are the aliphatic polyesters
[101]. There are several reports describing the potential of nanofibers fabricated by electro‐
spinning method for neural [102-104], bone [105-108] and cartilage [109, 110] tissue engi‐
neering which mimic the native tissue environment and support the cell adhesion,
proliferation and differentiation.

Nano-fibers hold great promise as potential scaffolds owing to their high porosity and high
surface area-to-volume ratio, which are favorable parameters for cell attachment, growth,
and proliferation in addition to possessing favorable mechanical properties [111]. Further‐
more the effect of nano-fibers for stem cells’ differentiation is promising further applications
of nano-fibers for tissue engineering. Stem cells can be induced to differentiate into different
cell types by growth/differentiation factors in the media, and we can incorporate such bio‐
molecules into the nano-fibers to direct differentiation to a desired cell type. The biomimetic
morphology of nano-fibers with different patterns may also help to direct the stem cells’ dif‐
ferentiation, which is particularly attractive given differentiation induction by some of me‐
dium supplements, although successful, is not physiologically relevant and offers the
possibility for development of improved clinical prostheses with topographies that can di‐
rectly modulate stem cell fate.

2.3. Mechanical cues

Importantly, the various tissues of the body exhibit a range of matrix stiffness, and such
differences in substrate stiffness have long been known to influence cell fate decisions in
differentiated cell  types [112].  An emerging area of study in stem cell  biology and engi‐
neering is  investigation of  the  role  of  these  mechanical  cues  in  stem cell  fate  decisions.
Because MSCs can differentiate in vitro  into cell types from tissues ranging from muscle,
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bone, and potentially brain, it can be hypothesized that the mechanical cues provided by
the  ECM  are  particularly  instructive  in  lineage  specification.  The  study  carried  out  by
Engler et al. revealed that matrix elasticity influences differentiation of hMSCs into osteo‐
genic, myogenic, and neurogenic cells [113]. Softer gels (0.1–1 kPa) were neurogenic, the
hardest (24–40 kPa) were osteogenic, and the gels with intermediate elastic moduli (8–17
kPa)  were  myogenic.  In  all  three  cases,  the  elastic  modulus  matches  that  of  the  corre‐
sponding native tissue. It has recently been found out that substrate stiffness collaborates
with soluble medium conditions to regulate the proliferation and differentiation of adult
NSCs [114]. Cells exhibit optimum proliferation (in FGF-2) and optimum neuronal differ‐
entiation  (in  retinoic  acid)  at  an  intermediate  stiffness  that  is  characteristic  of  brain  tis‐
sue.  Furthermore,  under  conditions  that  induce  nonspecific  cell  differentiation,  stiff
substrates  support  the  differentiation  of  GFAP-expressing  astrocytes,  whereas  soft  sub‐
strates preferentially support the differentiation of β-tubulin III expressing neurons. This
research demonstrates how the mechanical and biochemical properties of an adult NSCs
microenvironment can be tuned to regulate the self-renewal and differentiation of  adult
NSCs.  In  another  study,  Leipzig  et  al.  demonstrated that  an optimal  stiffness  exists  for
both  proliferation  (3.5  kPa)  as  well  as  differentiation  of  neural  stem/progenitor  cell  to
neurons (<1 kPa) [115].

The study conducted by Banerjee et al. [116] provided insights into the influence of the me‐
chanical properties of 3D alginate hydrogel scaffolds on the proliferation and differentiation
of NSCs, where varying the concentrations of alginate and calcium chloride provided facile
control over the elastic modulus of the hydrogels. They demonstrated that the properties of
the 3D scaffolds significantly impacted both the proliferation and the neuronal differentia‐
tion of encapsulated NSCs. In addition, they observed the greatest enhancement in expres‐
sion of the neuronal marker β-tubulin III within hydrogels having an elastic modulus
comparable to that of brain tissues. They noted that the optimal value of the elastic modulus
might depend on the stem cell type and the lineage to which differentiation is being direct‐
ed. Wang et al. reported an injectable hydrogel scaffold composed of gelatin-hydroxyphe‐
nylpropionic acid conjugate system with tunable stiffness for controlling the proliferation
rate and differentiation of hMSCs in a 3D context in normal growth media. The rate of
hMSC proliferation increased with the decrease in the stiffness of the hydrogel. Also, the
neurogenesis of hMSCs was controlled by the hydrogel stiffness in a 3D context without the
use of any additional biochemical signal. These cells which were cultured for 3 weeks in hy‐
drogels with lower stiffness expressed much more neuronal protein markers compared to
those cultured in stiffer hydrogels for the same period of time [117]. In another study, lower
cross-linked matrix of hydrogel system comprising hyaluronic acid-tyramine conjugates en‐
hanced chondrogenesis with increases in the percentage of cells with chondrocytic morphol‐
ogy, biosynthetic rates of glycosaminoglycan and type II collagen, and hyaline cartilage
tissue formation. By increasing cross-linking degree and matrix stiffness, a shift in MSC dif‐
ferentiation toward fibrous phenotypes with the formation of fibrocartilage and fibrous tis‐
sues was observed [118]. In general, the ability to control stem cell fate – possibly without
the use of chemical inducers – would be broadly useful for applications in regenerative
medicine and tissue engineering [116].
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Except mechanical properties of the matrix, the external mechanical stimulus can also in‐
duce stem cell differentiation. Bioreactors provide various active environments for stem cell
growth under specific mechanical conditions. Flow perfusion culture of scaffold/cell con‐
structs has been witnessed to enhance the osteoblastic differentiation of rat MSCs over static
culture in the presence of osteogenic supplements such as Dex. Although Dex is known to
be a powerful induction agent of osteogenic differentiation in MSCs, Holtorf et al. showed
that the mechanical shear force caused by fluid flow in a flow perfusion bioreactor would be
sufficient to induce osteoblast differentiation in the absence of Dex [119]. Flow perfusion al‐
so accelerates the proliferation and differentiation of rat MSCs seeded on non-woven PLLA
microfibrous scaffolds toward the osteoblastic phenotype, and improves the distribution of
the calcified extracellular matrix generated in vitro [120]. Li et al. reported that MSCs are also
mechano-sensitive and that Ca2+ may play a role in the signaling pathway since MSCs sub‐
jected to oscillatory fluid flow exhibited increased intracellular Ca2+ mobilization [121]. More
recently, studies have shown that shear stress can induce differentiation of stem cells toward
both endothelial and bone-producing cell phenotypes. The current data supporting the role
of shear stress in stem cell fate and potential mechanisms and signaling cascades for trans‐
ducing shear stress into a biological signal are reviewed elsewhere [122].

In another study, it was shown that the cyclic compressive loading alone will induce chon‐
drogenic differentiation as effectively as the TGF-β alone or TGF-β plus loading in short
term culture. Regarding MSCs angiogenesis, DNA microarray experiments [123] showed
that uniaxial strain increased smooth muscle cell (SMC) markers. But cyclic equiaxial strain
downregulated SM α-actin and SM-22α in MSCs on collagen- or elastin-coated membranes
after 1 day, and decreased α-actin in stress fibers. This result suggests that uniaxial strain,
which better mimics the type of mechanical strain experienced by SMCs, may promote
MSCs differentiation into SMCs if cell orientation can be controlled. Solvig Diederichs et al.
applied singular and repetitive cyclic strain of short- and long-time strains [124]. Additional‐
ly, a gradually increasing strain scheme commencing with short-time strain and continuing
elongated strain periods was applied. Adipose tissue–derived MSCs on planar silicone and
a three-dimensionally structured collagen I mesh were exposed to these strain regimes. The
results revealed that even short-time strain can enhance osteogenic differentiation. Elonga‐
tion and repetition of strain, however, resulted in a decline of the observed short-time strain
effects, which was interpreted as positively induced cellular adaptation to the mechanically
active surroundings. With regard to cellular adaptation, the gradually increasing strain
scheme was especially advantageous.

Taken together, these results suggest that the design of ex vivo stem cell culture systems
should consider all types of mechanical cues in the microenvironment including matrix stiff‐
ness, compressive loading and shear stress as factors in guiding proper lineage specification.

2.4. Electrical stimulus and other cues

Several studies have recently shown the response of NSCs to electric fields. The studies re‐
ported by Matos et al. showed the response of murine NSCs encapsulated in alginate hydro‐
gel beads to alternating current electric fields [125]. They found an enhanced propensity for
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astrocyte differentiation over neuronal differentiation in the 1 Hz cultures. In another study,
Park et al. discovered the enhanced neuronal differentiation of hNSCs on graphene, which
had a good electrical coupling with the differentiated neurons for electrical stimulation
[126]. The application of an electrical stimulus causes fibroblasts to change cell shape and
reorient in the 3D collagen scaffold perpendicularly to the direction of electrical stimulus,
while the same electrical stimulus applied to MSCs induces much less significant reorienta‐
tion. A stimulus as strong as 10 V/cm is needed to induce a δV of 50 mV or greater, which
would be sufficient to activate voltage-gated Ca2+ channels and regulate Ca2+-dependent
sub-cellular processes, including cytoskeletal reorganization that is likely to cause changes
in the cell morphology and reorientation signaling pathways [127]. It needs to be identified
as to whether the differentiation of stem cell following adhesion will change under electrical
stimulus. Endothelial progenitor cells and muscle precursor cells can also be stimulated by
electromagnetic fields to promote myocyte differentiation [128,129]. Interestingly, electrical
stimulation (10–40 V, 5 ms, 0.5 Hz pulses) of human embryonic fibroblasts was found to
cause loss of cell proliferation and cell number but also led to differentiation of fibroblasts
into multinucleated myotube-like structures [130].

Ultrasound has also been shown to induce differentiation. In low-intensity ultrasound field
studies, MSCs differentiate towards a chondrocytic phenotype [131]. In one study, Abramo‐
vitch-Gottlib L et al. have illustrated that the use of low level laser irradiation (~0.5 mW/cm2)
applied to a MSC/coralline construct stimulates the proliferation and differentiation of MSC
into an osteoblastic phenotype during the initial culture period and significantly induced in
vitro osteogenesis over time [132]. Thus, low level laser irradiation quickens the differentia‐
tion of MSC into an osteoblastic phenotype during bone formation processes in early culture
periods.

Numerous recent papers have sprouted showing how even minor experimental modifica‐
tions can change cell phenotype. Indeed, stem cells are so sensitive and unstable that even
cell seeding density and seeding protocol have been observed to influence cell shape and
gene expression [133].

3. Some novel trends emerging in the field of tissue engineering

In the following part we will introduce some novel trends emerging in the field of tissue en‐
gineering in terms of both cellular biology (cell reprogramming) and biomaterial (multifac‐
torial design strategies) point of view in order to improve the overall efficiency of tissue
regeneration.

3.1. Cell reprogramming

Though all somatic cells of the human body have the same genome structure, differences in
chromatin organization and expression pattern of genes lead to the formation of various
types of cells with different physiology, function and morphology [134,135]. Therefore, one
could speculate that by changing chromatin structure and pattern of gene expression, all
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cells can be converted to other cell types [136]. The first cell reprogramming report has been
presented in an earlier report [137] in which fibroblast cells converted into myocyte through
the overexpression of MyoD gene. In a later study, the nucleus of the fibroblast cell has been
transferred to the enucleated oocytes which finally led to the birth of Dolly sheep [135]. Ya‐
manaka (2006) shed some light on the biology underlying cell differentiation and cell fate by
converting the mouse fibroblast to iPS cells in his study; one year later, Yamanaka and
Thompson [138-140] reported the generation of human iPS cells from fibroblast cells.

The possibility of directing lineage specific reprogramming of cells opens a window to a
vast range of new possibilities in tissue engineering and regenerative medicines [141]. Here‐
in, generation of iPS cell lines is an important issue in the way to derive pluripotent cells
from somatic cells. Instability of the genome, high cost of culture, lack of an efficient proto‐
col for differentiation as well as the presence of tumorigenic potential upon transplantation
are among the main reasons for the slow progress of its clinical application [142].

Differentiation of stem cells into different types of tissue or organ is still a major limiting fac‐
tor in the area of tissue engineering mainly due to the complexity and multicellular struc‐
ture of the tissues and organs. To overcome such a limitation, it is highly demanded to have
different types of cells for tissue engineering which is considered to be as important as mim‐
icking the physiological condition in vivo. Self-renewing and pluripotency are unique prop‐
erties of pluripotent stem cells that make the embryonic developmental process possible for
the complex and integrated tissue-engineered systems. Accordingly, to make complex and
integrated tissues, intrinsic developmental programs of inner cell mass of blastocysts such as
those of post gastrulation events can be followed. Eiraku et al. [143] in a recent study man‐
aged to recreate the 3D structure of an organ for the first time in the world. They succeeded
in growing a structure like the optic cup with the six cell types present in normal retina tis‐
sue. They mimicked aggregation and self-induction of mESCs as embryoid body and neuro‐
sphere formation to make optic cup that can be the source of retinal neurons like embryonic
process of eye formation. For this, they used genetic engineered mES with tissue specific re‐
porter RX-venues DNA construct for capturing the early stages of optic cup-cell mass forma‐
tion and their separation for more maturation. Scientists hope to begin applying the same
technologies used for retinal tissue to make 3D structure of other organs such as the brain,
lung and kidney. However, despite advances like these, it is quick to note that we can deter‐
mine as to whether pluripotent stem cells can be used for regenerative therapy. The best
idea is not always to uprise the cells to the tip of potency pyramid and then downrise it to a
low level with differentiation, whereas one can directly convert one cell type to another
[143]. It has been shown that the fibroblast cells can be converted to myocyte, neuron, hepa‐
tocyte, cardiomyocyte simply with direct reprogramming [137, 144-146]. This provides us
good tools for having wide ranges of cells for regenerative medicines [147]. New approaches
to cell reprogramming such as direct reprogramming of somatic cells to tissue-specific stem
cells and conversion of fibroblast to neural stem cells have been proposed [148]. Providing
three types of cells, namely astrocyte, oligodendrocyte and neuron, which are required in
neural systems, is the advantage of cell reprogramming [148]. Another advantage of using
direct reprogramming to tissue specific stem cells instead of reprogramming to full matured
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cells is that all types of cells which are necessary for the regenerating of that specific tissue
will be provided in the former approach. For instance, it has recently been well demonstrat‐
ed that convection of fibroblast cells to NSC is more promising than the conversion of the
same cells to the neuron [149]. Moreover, adult stem cell generation through direct reprog‐
ramming has more capacity for self-renewal, which can be expanded and stored for differ‐
ent clinical applications. Tissue specific adult stem cells are natural stem cells of any tissue
and match the normal homing tissue [149] and can respond to niche messages under both
stress and damage condition.

Human body is a complex system that works with many regulatory and check points in co‐
ordination with many flexible programs. Using direct reprogramming, progression in regen‐
erative therapy will be possible if all demanding material such as adult stem cells, ES, iPS
are well prepared in a suitable place and appropriate manner.

3.2. Multifactorial design strategies

In contrast to elements of living systems’ ECM, the designed scaffolds are very poor in infor‐
mation, which make them suboptimal for many tissue engineering applications. These pas‐
sive biomaterials are unlikely to guide cell migration and differentiation or controlled
matrix deposition, a problem that becomes even more evident in complex tissues with more
than one cell type. Furthermore, they also cannot induce tissue neo-formation while pre‐
venting other undesirable tissue repair processes such as scarring; they are also unable to
promote functional tissue integrations, such as vascular and/or nervous connectivity, in the
host. Finally, these passive scaffolds largely lack the capacity to induce cell differentiation,
thus resulting in a major limitation for their use together with current stem cell-based thera‐
pies [150]. A promising strategy to overcome these limitations is to consider the multi-factori‐
al design strategies by combining various external cues with one another for efficient and
controlled formation of complex tissues.

3.2.1. Combining structural and biological cues for scaffold bioactivation

While combining the structural and biological cues, a bioactive scaffold can be constructed
in which biological functionality has been integrated to provide an information-rich support
material for tissue engineering. Bioactive scaffolds are designed to control cell and tissue re‐
sponses, and to provide a more efficient integration with the host. Indeed, bioactive scaf‐
folds can also be prepared from synthetic materials by physical adsorption or chemical
immobilization of biomolecules or oligopeptides on the scaffold surface, or by physical en‐
trapment of bioactive molecules alone or incorporated in a drug delivery system into the
scaffold. These strategies can also be applied to enhance the bioactivity of scaffolds made
from ECM-native materials.

Engineered tissues need not only to remedy a defect and to integrate into a host tissue, but
they also need to meet the demands of a constantly changing tissue. It was hypothesized
that those tissues capable of growing with time could be engineered by supplying growth
stimulus signals to cells from the biomaterials used for cell transplantation [151]. Smart drug
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cells is that all types of cells which are necessary for the regenerating of that specific tissue
will be provided in the former approach. For instance, it has recently been well demonstrat‐
ed that convection of fibroblast cells to NSC is more promising than the conversion of the
same cells to the neuron [149]. Moreover, adult stem cell generation through direct reprog‐
ramming has more capacity for self-renewal, which can be expanded and stored for differ‐
ent clinical applications. Tissue specific adult stem cells are natural stem cells of any tissue
and match the normal homing tissue [149] and can respond to niche messages under both
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In contrast to elements of living systems’ ECM, the designed scaffolds are very poor in infor‐
mation, which make them suboptimal for many tissue engineering applications. These pas‐
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thus resulting in a major limitation for their use together with current stem cell-based thera‐
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controlled formation of complex tissues.

3.2.1. Combining structural and biological cues for scaffold bioactivation

While combining the structural and biological cues, a bioactive scaffold can be constructed
in which biological functionality has been integrated to provide an information-rich support
material for tissue engineering. Bioactive scaffolds are designed to control cell and tissue re‐
sponses, and to provide a more efficient integration with the host. Indeed, bioactive scaf‐
folds can also be prepared from synthetic materials by physical adsorption or chemical
immobilization of biomolecules or oligopeptides on the scaffold surface, or by physical en‐
trapment of bioactive molecules alone or incorporated in a drug delivery system into the
scaffold. These strategies can also be applied to enhance the bioactivity of scaffolds made
from ECM-native materials.

Engineered tissues need not only to remedy a defect and to integrate into a host tissue, but
they also need to meet the demands of a constantly changing tissue. It was hypothesized
that those tissues capable of growing with time could be engineered by supplying growth
stimulus signals to cells from the biomaterials used for cell transplantation [151]. Smart drug
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delivery system is able to transmit multiple signals to the cells in a timely controlled release
pattern. This release may be controlled through properties of the drug delivery system itself
such as biodegradation-controlled release devices or stimulisensitive systems. Polymeric
materials can be used as tissue-engineering scaffolds and drug release carriers, a strategy that
has been mainly used for soluble signaling molecules such as growth factors. Cell recruit‐
ment and migration to the site of injury may be promoted through various signaling mole‐
cules. Many of these factors, e.g. TGF-βs, BMPs and IGF-1, are not only involved in cell
attraction but also affect stem cell proliferation and differentiation [152-155].

Drug delivery strategies are designed to provide a platform for the localized delivery of the
growth factors at the site of implantation. This is to protect the bioactivity of the molecule, to
provide a controlled release pattern of the drug over a desired time frame, and deliver angio‐
genic factors so as to promote angiogenesis.

Two approaches have been mainly used for scaffold bioactivation: growth factors can be en‐
capsulated in a selected drug delivery system such as a microsphere or nanoparticle formu‐
lation, and these can be incorporated into the scaffolds. Otherwise, growth factors can be
incorporated directly into the scaffold itself [156-158]. For example, IGF-1 has been directly
incorporated into porous 3D silk fibroin scaffolds [159]. Silk scaffolds incorporating IGF-1
were able to preserve growth factor bioactivity, and prompted chondrogenic stimuli to seed‐
ed MSCs in vitro. By definition, implantation of growth factor-loaded scaffolds results in the
localized delivery of the signaling molecule. Still, a certain fraction of the incorporated drug
can reach the lymphatics or the circulation, and then distribute to non-target tissues. There‐
fore, even for these localized therapies, potential adverse effects of growth factor need to be
carefully monitored.

Silk fibroin nano-fibrous scaffolds containing BMP-2 and/or nanoparticles of hydroxyapatite
which were prepared via electrospinning were selected as matrix for in vitro bone formation
from human bone marrow derived hMSCs. Li et al. [160] reported that silk fibroin nano-fibrous
scaffolds with BMP-2 supported higher calcium deposition and enhanced transcript levels of
bone-specific markers in comparison with controls without BMP-2, suggesting that nano-fi‐
brous electrospun silk scaffolds can be an efficient delivery system for BMP-2. The mild aque‐
ous process required for electrospinning, offers an important option for delivery of labile
cytokines  and  other  biomolecules.  Lee  et  al.  reported  that  calcium  phosphate  cement
(CPC( combined with alginate solution to form a porous scaffold showed the capability to safe‐
ly load biological proteins (BSA and lysozyme) during preparation and to release them in vitro
for over a month [161]. CPC–alginate scaffolds can further be developed into tissue engineered
constructs which deliver biological molecules for bone regeneration stimulation.

In case of building biofunctionality into electrospun nano-fibers for neural tissue engineer‐
ing, the challenge to produce nano-fibers with more bioactive surfaces, significantly improv‐
ing specific targeting of cell substrate interactions and consequently creating a more
biomimetic microenvironment for implanted cells remains. There are several methods, such
as polymer blending and surface biofunctionalization, for improvement of nano-fibrous
scaffolds bioactivity for nerve tissue engineering which are reviewed elsewhere [162]. It is
possible to fabricate electrospun scaffolds from blends of synthetic and natural polymers,
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which will then have improved cell substrate interactions. The orientation of neurites from
chick embryonic dorsal root ganglia is enhanced on aligned blended polycaprolactone/colla‐
gen (PCL/collagen) (72:25) nano-fibers compared with that on aligned, pure PCL [163]. The
migration and proliferation of Schwann cells is also significantly improved on aligned PCL/
collagen nano-fibers, indicating more specific biomolecular interactions between cells and
the collagen polymers on the nano-fiber surface [164].

Instead of direct electrospinning the naturally derived polymers such as collagen together
with synthetic polymers to provide biomemitic nano-fibrous scaffolds, one can immobilize
some specific peptide motifs derived from ECM protein, which have been discerned to play
an important role in tissue regeneration to the synthetic nano-fiber surface, which provides
an alternative method to render the fibers bioactive. For instance, immobilization of mole‐
cules, such as specific peptide motifs derived from fibronectin and collagen VI, to the syn‐
thetic nano-fiber surface provides an alternative method to render the fibers bioactive.
Therefore, surface immobilization of these small molecules that are neuroactive can provide
a great advantage for neural tissue engineering. In addition, immobilized growth factors
such as brain-derived neurotrophic factor [165] and basic fibroblast growth factor [166] can
also promote cell survival and neurite outgrowth.

3.2.2. Combining structural and mechanical cues for engineering large-scale and/or complex tissues

The successful replacement of large-scale defects using tissue-engineering approaches will
likely require composite biomaterial scaffolds that have biomimetic structural and mechani‐
cal properties and can provide cell-instructive cues to control the growth and differentiation
of embedded stem or progenitor cells.

The depth-dependent composition and structure of articular cartilage gives rise to its complex,
non-homogeneous mechanical properties. Articular cartilage is generally composed of chon‐
drocytes and a dense ECM, which mainly includes type II collagen and proteoglycans [167].
Articular cartilage is structurally comprised of four different layers that can be distinguished
from one another by collagen fiber alignment and proteoglycan composition. The depth-de‐
pendent alignment of collagen leads to important tensile and shear properties, whereas the
depth-dependent proteoglycan content contributes more to the compressive properties of each
zone [168, 169]. Nguyen et al. demonstrated in a recent study that layer-by-layer organization
of specific biomaterial compositions creates 3D niches that allow a single MSC population to
differentiate into zone-specific chondrocytes and organize into a complex tissue structure [75].
The results indicated that a three-layer polyethylene glycol (PEG)-based hydrogel with chon‐
droitin sulfate (CS) and matrix metalloproteinase-sensitive peptides (MMP-pep) incorporated
into the top layer (superficial zone, PEG:CS:MMP-pep), CS incorporated into the middle layer
(transitional zone, PEG:CS) and hyaluronic acid incorporated into the bottom layer (deep zone,
PEG:HA) which ultimately created native-like articular cartilage with spatially-varying me‐
chanical and biochemical properties. They concluded that spatially-varying biomaterial com‐
positions within single 3D scaffolds can stimulate efficient regeneration of  multi-layered
complex tissues from a single stem cell population.
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In another study, the potency of scaffold stiffness and topology in driving cardiac stem cell
differentiation in a 3D culture context was confirmed by Forte et al. [170]. Cardiac stem cells
adopted the cardiomyocytic phenotype only when cultured in strictly controlled conditions
characterized by a critical combination of chemical, biochemical, structural and mechanical
factors, and emulation of the inner myocardial environment. In these studies, the mimicry of
myocardial environment was achieved by fine-tuning the array of growth factors dissolved
in the culture medium and the chemistry, topology and stiffness of three-dimensional sup‐
ports on which stem cells were seeded. Scaffold stiffness was modulated in this study by
changing the topology of the structure using a rapid prototyping technique. The optimal
stiffness to induce cardiomyocyte differentiation was around 300 kPa on the scaffolds with
square pores of about 150 μm.

4. 2D Polysaccharide-based hydrogel scaffolds for muscle tissue
engineering

Hydrogels have been used for a variety of biomedical applications [171-175], and because of
their viscoelastic characteristics [176], similarities with ECM, excellent biological perform‐
ance, inherent cellular interaction capability [177], ability to allow transfer of gases and nu‐
trients [177], and their amiability of fabrication into specific shapes, they have recently been
explored as scaffolding materials for tissue engineering applications [178-180]. On the other
hand, in the recent decade, researchers realized that the mechanical properties of the used
hydrogel material had to be adapted to the elastic properties of the damaged tissue [181].
Hydrogels such as alginate, chitosan, collagen and hyaluronic acid, which are derived from
natural polymers, have been proved to be quite promising for stem cell proliferation, main‐
tenance and differentiation for tissue engineering applications.

The authors of this paper tried to prepare hydrogels made of natural polymers (chitosan
(CS) and gelatin (G))  with proper handling for surgery,  and with mechanical  properties
similar to those of muscle tissues as well as good cell adhesion properties. In the current
study,  we  investigated  the  effect  of  CS  and  G concentration  in  blend  scaffolds  on  me‐
chanical  properties  of  the  CS-G  hydrogel  sheets  as  well  as  the  seeded  muscle-derived
stem cells (MDSCs) and smooth muscle cells’ (SMCs) behavior on the CS-G hydrogel
sheets.  MDSCs and SMCs were isolated, expanded in culture and characterized with re‐
spect to the expression of surface markers with flow cytometry analysis. After crosslink‐
ing  of  CS  and G,  the  CS-G blend hydrogel  sheets  were  prepared  by  a  casting  method
and used for 2D cell culture.

While the elasticity of  the CS-G hydrogel sheets increased by increasing the CS concen‐
tration,  the  gelatin  concentration  did  not  have  any  notable  effect  on  the  hydrogel  me‐
chanical properties.

The MDSCs attachment on the surface with elastic modulus of 25 kPa stiffness and pro‐
liferation on different CS-G hydrogel sheet surfaces having varying modulus of elasticity
is shown in Figure 2. The cell observation result on day 1 showed that by increasing the
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elasticity of hydrogel sheets, most of the cells on the hydrogel surfaces with high elastici‐
ty (E=100 kPa, CS=4.5% w/v) didn’t fully expand on the hydrogel surface, while the cells
on the hydrogel surfaces with low and intermediate elasticity (E=15 kPa, CS=1.5 % w/v;
E=25 kPa,  CS=3% w/v) had more spindle shape (data not  presented).  Gelatin concentra‐
tion was fixed (18% w/v) for all  the samples.  The greatest  proliferation of  the cells  was
found on the hydrogels with intermediate elasticity (25 kPa) and the number of cells in‐
creased  over  time  during  the  7-day  culture  (Figure2).  Hydrogel  blends  with  lower  or
higher  gelatin concentration showed significantly lower attached cell  numbers  (data not
presented).  Recent studies have illustrated the profound dependence of  cellular behavior  on
the stiffness of 2D hydrogel sheets. Boontheekul et al. demonstrated that alginate gel with
higher mechanical strength (increasing from 13 kPa to 45 kPa) increased myoblast adhe‐
sion, proliferation, and differentiation in a 2D cell culture model [182]. They also showed
that primary mouse myoblasts were more highly responsive to this cue than the C2C12
myoblast cell line.

An innovative approach has recently been described by Gilbert et al. as well. Using a bi‐
oengineered  substrate  in  conjunction  with  a  highly  automated  single-cell  tracking  algo‐
rithm, the authors  showed that  substrate  elasticity  is  a  potent  regulator  of  muscle  stem
cells'  fate in culture.  In fact,  muscle stem cells  cultured on soft  hydrogel  substrates that
mimic  the  elasticity  of  muscle  self-renew in  vitro,  and  contribute  extensively  to  muscle
regeneration when subsequently  transplanted into  mice.  This  study has  provided novel
evidence showing that recapitulating physiological tissue rigidity allows the propagation
of adult muscle stem cells [183].

In  the  current  study,  the  authors  investigated  the  behavior  of  MDSCs  and  SMCs  cul‐
tured on the prepared hydrogel surfaces.  The results indicate that increasing the hydro‐
gel  mechanical  strength  from  E=15  kPa  to  E=25  kPa,  increases  MDSCs  adhesion  and
proliferation.  The authors further found that  MDSCs were more responsive to mechani‐
cal properties of the hydrogel sheets compared to SMCs, due to their higher ability and
relatively smaller  size  (Data not  presented).  In  contrast,  for  engineering central  nervous
system tissue, Leipzig et  al.  demonstrated that gels with lower mechanical properties of
methacrylamide chitosan hydrogel  sheet  (E  ≤3.5  kPa)  were  more appropriate  for  neural
stem progenitor cell differentiation and proliferation [115]. As mentioned above, mechan‐
ical  properties  of  hydrogel  can regulate  the  cell  adhesion,  proliferation,  and differentia‐
tion.  However,  the  response and sensitivity  to  this  variable  is  highly  dependent  on the
cell  source.  In  the  current  work,  MDSCs  exhibited  maximal  proliferation  on  hydrogel
surface  with  25  kPa  elasticity.  The  same hydrogel  sheet  showed also  the  best  handling
qualities  for  surgery,  with  elasticity  in  the  range  of  elastic  modulus  for  muscle  tissues
[184], showing its potential for being used in muscle tissue engineering applications.

The strategy applied in the current study provides an opportunity to independently control
mechanical and bioadhesive properties of the hydrogels so as to probe stem cell behavior.
By changing both material mechanical and biochemical properties of the hydrogel blend, we
could find the optimum condition for MDSCs attachment and proliferation in contact with
CS-G hydrogel sheets.
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Figure 2. MDSCs adhesion and proliferation on CS-G hydrogel surfaces. Photomicrographs of MDSCs attachment on
the surface with intermediate elasticity (25kPa, CS=3 % w/v) at: (A) day 1, (B) day 7 and (C) cell proliferation on CS-G
hydrogel surfaces with different mechanical strength. CS-G hydrogel sheets prepared at different chitosan concentra‐
tion (4.5, 3 & 1.5 % w/v) with constant gelatin (18 %w/v). MDSCs were seeded onto all hydrogel surfaces at the densi‐
ty of 7500cells/cm2.

5. Conclusion and outlook for the future

In  tissue  engineering,  directing  the  cells  to  differentiate  at  the  right  time,  in  the  right
place, and into the right phenotype, requires an environment providing the same factors
that govern cellular processes in vivo.  The current chapter described various biomaterials
and external  cues  designing considerations  mimicking the  natural  stem cell  microenvir‐
onment  in  order  to  direct  the  desired stem cell  fate,  facilitating the  regeneration of  de‐
sired tissues. In addition we introduced our approach to designing a 2D polysaccharide-
based  hydrogel  scaffolds  as  a  potential  and  suitable  biomaterial  for  muscle  tissue
engineering applications.
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Overall, this chapter provides an overview of recent progresses made by application of nov‐
el engineering strategies that have been developed to emulate the stem cell niche for effec‐
tively controlling the cell fate and translating the stem cell research into much needed
clinical applications in the not-too-distant future.

Future directions in tissue engineering will involve elucidation of molecular mechanisms by
which all types of external cues influence stem cells’ behavior, followed by translation of
these scientific data to clinical applications. Further advances in controlling stem cell fate
can be achieved by combining the above mentioned parameters in a more scalable and com‐
binatorial manner to address the complexity of the natural stem cell niche. To this end, col‐
laborative efforts between cell biologists and materials scientists are critical for answering
the key biological questions and promoting interdisciplinary stem-cell researches in the di‐
rection of clinical relevance.
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Figure 2. MDSCs adhesion and proliferation on CS-G hydrogel surfaces. Photomicrographs of MDSCs attachment on
the surface with intermediate elasticity (25kPa, CS=3 % w/v) at: (A) day 1, (B) day 7 and (C) cell proliferation on CS-G
hydrogel surfaces with different mechanical strength. CS-G hydrogel sheets prepared at different chitosan concentra‐
tion (4.5, 3 & 1.5 % w/v) with constant gelatin (18 %w/v). MDSCs were seeded onto all hydrogel surfaces at the densi‐
ty of 7500cells/cm2.

5. Conclusion and outlook for the future

In  tissue  engineering,  directing  the  cells  to  differentiate  at  the  right  time,  in  the  right
place, and into the right phenotype, requires an environment providing the same factors
that govern cellular processes in vivo.  The current chapter described various biomaterials
and external  cues  designing considerations  mimicking the  natural  stem cell  microenvir‐
onment  in  order  to  direct  the  desired stem cell  fate,  facilitating the  regeneration of  de‐
sired tissues. In addition we introduced our approach to designing a 2D polysaccharide-
based  hydrogel  scaffolds  as  a  potential  and  suitable  biomaterial  for  muscle  tissue
engineering applications.
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Overall, this chapter provides an overview of recent progresses made by application of nov‐
el engineering strategies that have been developed to emulate the stem cell niche for effec‐
tively controlling the cell fate and translating the stem cell research into much needed
clinical applications in the not-too-distant future.

Future directions in tissue engineering will involve elucidation of molecular mechanisms by
which all types of external cues influence stem cells’ behavior, followed by translation of
these scientific data to clinical applications. Further advances in controlling stem cell fate
can be achieved by combining the above mentioned parameters in a more scalable and com‐
binatorial manner to address the complexity of the natural stem cell niche. To this end, col‐
laborative efforts between cell biologists and materials scientists are critical for answering
the key biological questions and promoting interdisciplinary stem-cell researches in the di‐
rection of clinical relevance.
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1. Introduction

Definitions: First we have to clearly define what we are talking about in the field of stem
cells. The zygote (fertilized egg cell) and the cells of the very young embryo up until the
eigth-cell stage are totipotent. This expression means that in the appropriate environment
(the uterus) these cells can form a complete and normal individual.

In contrast to this notion, the embryonal stem cells of mammals are derived from the in‐
ner  cell  mass  of  the  blastocyst,  a  slightly  later  stage  of  embryonal  development.  These
cells  are  no longer  totipotent,  but  pluripotent.  This  means that  those  cells,  if  artificially
inserted into a heterologous young embryo,  survive and give rise to all  tissues and cell
types  in  this  embryo including cells  of  the  germ line,  thus creating a  chimeric  embryo,
which consists of two types of cells that are genetically different form each other. Embry‐
onal stem cells (ES cells) display a few properties that make them highly interesting for
regenerative medicine: they can be grown and multiplied indefinitely in the presence of
the appropriate “factors” (proteins, growth factors, small molecules) without major genet‐
ic changes and without loss of pluripotency, and they can be modified by genetic engi‐
neering  without  major  chromosomal  changes  and  without  using  viral  vehicles  [1].  The
latter property is essential for the future application of those cells for gene therapy. Mam‐
malian  ES  cell  technology  was  first  developed  in  the  mouse  model  system  beginning
with  the  landmark  paper  of  Martin  [2].  Human  ES  cells  (hESC)  were  first  isolated  by
Thomson [3]. The patenting of the isolation of hESC (the so-called WARF patents) led to
a huge public discussion regarding the moral and legal implications of those patents [4].
Ultimately  the  US supreme court  acknowledged those  patents  as  being legal,  while  the
Court of Justice of the European Union ruled that no procedures can be patented, which
use  embryo  research,  i.e.  the  destruction  of  human embryos  [81].  However,  human in‐
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duced pluripotent stem cells  (hiPSC) can now be created from differentiated adult  cells,
like  dermal  fibroblasts  (see  below),  which  according  to  biochemical  criteria  (transcrip‐
tome,  proteome),  are very near identical  to  hESC [5].  It  has been shown, in the mouse,
that  not  only  by  biochemical  criteria,  but  also  in  terms of  the  developmental  potential,
mouse iPSC are identical with mouse ESC [6].

In contrast to the pluripotent ES cells, somatic stem cells are multipotent, meaning that their
developmental potential is rather limited to a number of related cell types. For instance, the
well-known hematopoietic stem cells of the red bone marrow can generate in vivo all cells
that are found in the blood of humans. Until recently it was believed that this commitment
to a number of related developmental fates is absolute, however it is now known that even
in normal individuals in vivo, a low percentage of bone marrow stem cells can become quite
different cells [7], and, to give just one example, fibroblasts can be induced, by expression of
two to three transcription factors, to become bona fide heart muscle cells [8].

Currently,  an  ever  increasing  number  of  papers  on  hiPSC (human induced  pluripotent
stem cells) are being published as documented by indexing services such as PubMed. In
vitro  methods  of  creating  hiPSC from the  easily  available  dermal  fibroblasts  were  first
described in 2006 and 2007 [9,  10].  Due to  longer experience with the stem cells  of  the
mouse and due to ethical and legal considerations, there is still  a technical gap between
procedures  applicable  to  mouse  iPSC  and  hiPSC.  Since  2008,  a  nearly  exponential  in‐
crease in papers dealing with hiPSC is appearing and well over 1000 papers are now be‐
ing  published  every  year.  Many  of  those  papers  mention  that  hiPSCs  in  contrast  to
hESCs (human embryonal stem cells)  are considered to be ethically acceptable while an
intensive debate was and is going on concerning the ethical implications of hESCs [4, 11];
(see below in the next part of this chapter).

Another unsolved probem in stem cell therapy is “homing” of the repaired cells to the “ni‐
che” in the body where they are needed and can function. Only in exceptional cases does
homing occur automatically (bone marrow stem cells in the mouse), but in other cases
(brain) the cells must be directly injected into the relevant area. Modern nanotechnological
methods may be helpful for this immense task in the future [12].

What we would like to do in the current paper is (paragraph 2) to give a very short over‐
view of the present and the anticipated future status of hiPSCs and their use in biomedicine
including the new topic of differentiated cell plasticity [7]; (paragraph 3) to explain the ethi‐
cal arguments that were brought forward concerning hESCs; and (paragraph 4) to discuss
some remaining ethical arguments concerning hiPSCs with special emphasis on the argu‐
ment of complicity [13].

2. Short overview of the present and the anticipated future status of
hiPSCs

Stem cell and related techniques, such as direct reprogramming of differentiated cells, of‐
fer an immense promise for the future of regenerative medicine using stem cell  therapy
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and/or a combination of stem cell and gene therapy. This promise is, as we now know, a
realistic  one,  but  the  enormous  technical  difficulties  and  the  requirements  imposed  by
clinical  safety  (for  instance  concerning the  cancer  risk)  are  not  easily  overcome and we
estimate  that  many  years  will  pass  before  these  methods  become  clinical  routine  for
many diseases. Presently, very few clinical examples exist that successfully show the effi‐
cacy of stem cell and gene therapy [14].

The theoretical and biological basis for the techniques to be discussed here are, among oth‐
ers, the fact that somatic cells of animals (and of the human animal, of course) contain the
same genetic complement as the fertilized egg cell (the zygote). This means that every gene
needed for the complete development of an individual is present in every somatic cell of a
mature individual. The direct and undisputable proof for this is shown by the cloning of an‐
imals [15]. However a similar result was obtained decades before “Dolly the sheep” by John
Gurdon [16], working with frogs. Therefore, the phenotypic differences between different
somatic cells of an adult individual must depend on differences in gene expression, or to use
a modern term on the “epigenome” of those cells. At present Bio-medicine is, at an increas‐
ing speed, discovering methods to change this differentiated state from one well defined cell
type (say fibroblasts) to another (say, for example, a specific subtype of neurons needed for
an individual patient) [7]. Previously, the differentiated state of somatic cells was believed to
be immutable, at least in vivo, but this paradigm clearly is no longer true. Why are such pro‐
cedures needed in regenerative medicine? This question leads us to the genetic differences
between human individuals and the immunological incompatibility between humans who
are not monozygotic twins. For reasons that are not entirely clear to scientists who study the
evolutionary history of mankind, it appears that differences in the antigens of the HLA type
(human lymphocyte antigen; displayed on cell surfaces) occur between any two humans
and are large enough to lead to immunological attack (host versus graft disease) after the
transplantation of cells and organs. Therefore, it is desirable to use autologous (HLA-com‐
patible) cells for therapy, which raise no immune response and make immune suppression
of the patient superfluous. In organ transplantation, this problem is generally overcome (al‐
though, perhaps, insufficiently) by the pharmacological immune suppression of the patient
who receives a transplant. For the combination of gene and cell therapy, the idea is to use
autologous cells which, however, must conform to strict safety standards before a clinical
trial is granted by the authorities and can be started. There are also a number of unresolved
problems if the autologous cells to be transplanted need a genetic “repair” because the pa‐
tient to be treated suffers from a genetic disease whose underlying mutation is known and
will be corrected by sophisticated genetic engineering as is applicable to human cells.

Genome editing: For several reasons which have to do with differences that exist between
mouse and human iPSCs, as well as with the low success rate of current methods for ge‐
nome editing [17], the originally developed ingenious method of selection and counter-se‐
lection in mouse ESCs [1] seems not to be suitable for a safe repair of known mutations in
genes of a patient suffering from a particular and genetically well-known inherited disease.
Ideally, the presence of the mutation in question should be known by DNA sequencing of
the relevant part (or the whole genome) of the patient. Instead, the scientific community is
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now seeking to improve the efficiency of point-directed genome editing to clinically accepta‐
ble levels [17]. The cells to be used for these procedures should be as close as possible to the
original patient-derived cells, avoiding prolonged proliferation of hiPSCs. The tools that
must be developed to achieve this are the so-called ZNF-nucleases (zinc finger nucleases)
based on a concept by Kim [18] which can produce a double strand break at a precisely de‐
fined point in the whole human genome [17]. This double strand break is then recombino‐
genic enough to lead to homologous recombination with a co-transformed plasmid that
carries the corrected DNA sequence [19]. Alternatively, the TALEN strategy can be used
[20]. One problem that must be overcome here in the future, is the limited capacity for pro‐
liferation of differentiated cells and their general reluctance to be transformed by plasmids,
which is true for instance for dermal fibroblasts.

Cancer risk: One of the greatest obstacles that must be overcome before stem cell therapy
can become clinical routine is the inherent cancer risk conferred by both ESCs and iPSCs.
In one of the very few and frequently-quoted clinical trials for gene therapy of X-SCID,
some of the affected and essentially cured children came down with leukemia.  The rea‐
son for the cancer incidence in this case was the lack of control of the point of integra‐
tion of the viral vector used to introduce the genetically corrected gene sequence, which
was  inserted  at  locations  in  the  genome  where  it  caused  leukemia  [21,  22].  However,
even ESCs or iPSCs which are not genetically manipulated, by their “stemness” alone can
cause  cancer.  It  must  not  be  forgotten  that  embryonal  stem  cells  were  first  discovered
during the study of teratocarcinomas and one of the most important decisive traits  was
the ability to form teratocarcinomas in nude mice [2]. Therefore, for some time, the idea
was to re-differentiate the hiPSCs to the needed cells after genetic manipulation and then
purify  these  cells  until  they  were  essentially  free  of  remaining  stem  cells  [23].  This
proved to be a difficult job. The other solution to this problem is to directly produce the
desired cell  type using the  action of  transcription factors  and small  molecule  signalling
substances without ever going through a stage of stem cells [7]. This way is very promis‐
ing but also not yet matured enough for clinical practice.

In summary, we may say that it is still too early to decide in which direction future cell and
gene therapy will go. For some time, hESCs, and even more importantly, hiPSCs will be
needed for biomedical research. This is not restricted to gene therapy and cell therapy with‐
out genetic corrections (as in the case of acquired diseases), but equally is needed for the es‐
tablishment of disease models and for drug testing, which is, however, not the topic of this
chapter. For all of those reasons, we think it is timely to discuss the ethical implications of
stem cell research.

3. Ethical arguments brought forward concerning hESCs

The central ethical concern that is raised by production and use of hESC is the question con‐
cerning the moral status of human embryos. The derivation of hESCs from early embryos
(blastocysts) is, in practice, necessarily connected with their destruction. Because of that, we
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have to ask, if a human embryo is recognized as a being endowed with human dignity and a
right to life comparable to that of born human beings. Destruction for research purposes
raises the serious ethical issues of exploitation, instrumentalisation and killing of human be‐
ings. Concerning both ethical issues, human dignity and the prohibition of killing, in re‐
gards to human embryos in spite of the long discussions an ethical consensus is nowhere in
sight. In the following passage some explanations will be given regarding the fundamental
question of the moral status of embryos [12, 24-31].

Further intensively discussed issues in hESC research are research cloning (the procurement
of embryos for research purposes by nuclear transfer in enucleated egg cells) and the dona‐
tion of egg-cells. For a long time, the development of therapeutic applications seemed to in‐
volve research cloning (also called “therapeutic cloning”). Research cloning of humans
would represent a clear instance of exploiting humans solely for the benefit and interests of
others. Establishing this technique in humans requires further destructive embryo research
and is feared to prepare a slippery slope for reproductive cloning of humans, which is gen‐
erally considered as ethically unacceptable [32-37].

If this way to therapeutic applications had succeeded, the demand for a high number of do‐
nated egg-cells would have been a consequence. For women, egg donation causes health
risks and the danger of commercial exploitation. The alternative to produce hybrids of hu‐
mans and animals is also seen as offending human dignity [38]. These ethical problems have
lost some urgency, since this strategy doesn’t seem to be succeeding. The fundamental ques‐
tion of the moral status of human embryos is still a matter of open discussion in ethics.

3.1. The discussion about the moral status of early human embryos

hESCs needed for research are obtained from different sources that entail a different ethi‐
cal  evaluation.  While extraction of  stem cells  from adults,  from umbilical  cord blood or
from aborted foetuses,  is  considered to  be ethically  acceptable  under certain conditions,
the  procurement  of  hESCs  is  confronted  with  ethical  objections,  since  it  is  necessarily
connected with the destruction of human embryos. It is a kind of consuming embryo re‐
search. The possible sources are already established embryonic stem cell lines, supernum‐
erary embryos from IVF-treatment,  embryos produced specifically for research purposes
or even embryos cloned by nuclear transfer as a logical consequence in case of successful
therapeutic applications.

Different regulations worldwide and in the EU, as well as an on-going discussion about the
funding of research projects are taking place [12, 39]. As a minimal consensus, creation of
embryos solely for research purposes is forbidden in the European Council’s Convention for
the Protection of Human Rights and Dignity of the Human Being with regard to the Appli‐
cation of Biology and Medicine [32].

By obtaining hESCs from the inner cell mass of a blastocyst for research purposes begin‐
ning human life is destroyed. The embryo is obviously a human being, a member of the
human species,  has an individual genome, neither identical  with that of the mother nor
that of the father, in contrast to other human tissue, can develop into the full shape of a
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human being (totipotent) and has a small, but realistic chance to be born and live its own
life.

Since hESC research, on the one hand, gives hope in terms of therapeutic applications for
severe diseases and, on the other hand, is connected with the destruction of embryos as nec‐
essary means to this end, two ethically high standing aims are opposed. Basic research (free‐
dom of research) and the hopes connected with therapeutic application (principle of
beneficence, value of health and life of patients) are confronted with the respect for human
dignity and the right to life of human embryos. The question is: May human embryos be
produced and destroyed as biological material for research and therapy or even for industri‐
al applications?

In relation to already born humans we would never accept such destruction or killing no
matter how great the benefit for research or therapy could be. For born humans there is a
strong agreement: They have moral status and equal human dignity independent of their ac‐
tual abilities or disabilities. The statement about the moral status is a value judgement. At
first it means that humans have intrinsic value. If the moral status of humans is determined
in the tradition of the German philosopher, Immanuel Kant, with the term "dignity", an un‐
conditional value is proclaimed, which goes beyond the intrinsic value of non-human beings
and can't be balanced with the benefit of others. Kant makes this clear in a well-known
quote regarding his categorical imperative: “Act in such a way that you treat humanity,
whether in your own person or in the person of any other, never merely as a means to an
end, but always at the same time as an end.” [40, 41].

The central consequences of the recognition of equal human dignity are the fundamental
equality of all humans with regard to this dignity, the same right to welfare and the prohibi‐
tion of arbitrary instrumentalisation and exploitation for the purposes of others. Killing for
research purposes definitely falls under this prohibition. Whether and to which degree these
moral demands are already valid in the early stages of development, is a matter of the con‐
troversy concerning the ontological, moral, and legal status of human embryos [36, 42-47].

It is therefore clear why this discussion is unavoidable. Before discussing freedom of re‐
search,  hopes  for  therapeutic  applications,  and  different  possibilities  of  regulations,  the
question,  of  whether or not  embryos,  in an ethical  respect,  belong to the community of
beings  deserving  equal  and  impartial  consideration,  must  be  answered.  Is  impartiality
(the “golden rule”), to be applied even to embryos, or not at all, or merely in a gradually
weaker sense?

These issues were discussed extensively in the last decades and, regrettably, have not ach‐
ieved a consensus. Here we will shortly explain the general lines of reasoning. Summarized
in a simplified overview there are three types of answers: (a) Personalistic positions main‐
tain human dignity and a right to life of human embryos. (b) Non-personalistic positions de‐
ny that and impute to embryos a status similar to human tissues or cadavers. A third group
proposes to find a kind of middle position by giving several types of (c) relative or gradual‐
istic answers.
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a. Personalistic positions claim that already the embryo must be respected as a person
and, therefore, has a right to life in the earliest stage and also outside the mother [42,
48-52].

The reason for personal positions is a certain view of the embryonic development. The de‐
velopment from fertilization up to birth is understood as a continuous development (argu‐
ment of continuity) of something that is, basically, already present, and under natural
conditions, has the inner capability of further development into a fully evolved person (ar‐
gument of potentiality) and remains the same being (argument of identity). The embryo is not a
preliminary stage of a human but a human in the earliest stage. Although it doesn't have the
actual abilities of a person (self-consciousness, reason, freedom), the embryo must be treated
as a person because of its inner potential to develop these qualities and, under normal cir‐
cumstances, become such a person.

This reasoning can be combined with two additional arguments. The species argument points
out that the embryo’s membership in the human species is a biological fact. Biological facts
alone are not sufficient reasonings for moral judgement. However, the argument may serve
as a determination of the scope, the application area of dignity: All members of the human
species are included. Being a member of the human species and being endowed with digni‐
ty and certain rights is actually coinciding with each other. Therefore, the species-member‐
ship suffices to claim the corresponding rights. If this argument also applies to embryos,
then this is controversial and presupposes the first three arguments. The four previously
mentioned arguments are often described as a "SKIP-quadrology": species, continuity, iden‐
tity, potentiality [44].

Sometimes another argument is added in respect to the remaining uncertainties of empirical
knowledge, as well as philosophical interpretation of early embryonic development. The
precautionary principle generally calls for a careful proceeding in small steps and imposes the
burden of proof on those, who want to change existing attitudes and moral norms. They
have to offer evidence, not those who defend them. According to this position, doubts about
being a person may not lead to an arbitrary restriction of human dignity. No man is subject
to the constraint of having to justify his existence. This corresponds to the basic structure of
the human dignity argument, which should, primarily, serve as protection of the weak
against any kind of discrimination. Everyone is basically interested in safe conditions, in
which she/he need not fear being excluded from the common protection area due to some
actual lack of abilities or characteristics [45, 53].

The consequences of the personal position are unambiguous: Destroying embryos for re‐
search purposes and research cloning is forbidden. Freedom of research is subjected to mo‐
ral limits. Therapies, which cost the lives of other humans, are not acceptable. Even the hope
for therapy for serious diseases is no adequate reason for the specific production and de‐
struction of human embryos. Nevertheless, each mentioned argument is subjected to criti‐
cism and the personal position hasn't turned out to provide a consensus [42, 43].

b. Non-personalistic positions deny what personalistic positions proclaim.
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A far-reaching objection to the personal position is, for example, represented by the
Australian moral philosopher, Peter Singer. He denies the human dignity of embryos,
foetuses and even newborn children due to a very narrow concept of personality based
solely on actual abilities: “My suggestion, then, is that we accord the life of a fetus no
greater value than the life of a nonhuman animal at a similar level of rationality, self-
consciousness, awareness, capacity to feel, etc. Since no fetus is a person, no fetus has
the same claim to life as a person.” [54]. For these positions there is, in principle, no ob‐
jection to hESC research as long as the rights of the donors of gametes or embryos are
respected.

c. Gradualistic positions try to find a way of maintaining special respect for human em‐
bryos and restrictions of research purposes and, at the same time, allowing research for
high standing objectives. They are quite frequently supported [29, 31, 55-58].

According to this kind of reasoning full protection of human embryos starts at a later
stage of development. The time before the moral status is gradually weakened, but not
reduced to that of some other human tissue. Most frequently nidation, or the end of the
possibility of twin formation, is seen as the relevant moment. When nidation is com‐
plete, the embryos’ chance of survival increases significantly. Sometimes other stages of
development are argued as being relevant e.g. the beginning of the first nerve cells in
the fifth or sixth week. This is seen as relevant, if the ability to feel pain is seen as a deci‐
sive ethical quality.

Finally, there are suggestions in which the moral status of embryos isn't differentiated de‐
pending on the stage of development, but according to the context and target of its creation.
In such an “extrinsic” determination of the moral status surplus embryos from IVF-treat‐
ment and research embryos don't have any dignity, because they lack the necessary condi‐
tions for further development, or according to their creators’ intentions, never should be
born at all, while embryos produced for IVF-treatment already have this dignity in a very
early stage, since the intention and hope is that they be born [24, 59, 60]. In this way of rea‐
soning, dignity and the right to life are conferred or awarded by society. Dignity depends on
the allocation to the research department or the IVF department. Some authors turn this rea‐
soning into the field of metaethics and proclaim, that human dignity is always invented and
awarded by society and not based on an objective moral reality [58].

If the protection of some early stage or research embryos or surplus embryos is weakened,
the interests and well-being of embryos and patients can be balanced against each other and
destruction of embryos can be justified for high standing objectives. Strict embryo protection
is argued to be valid for later stages and a clear limit seems possible for the time being. Nev‐
ertheless this reasoning is not free of some arbitrariness and, if the restrictions are sustained,
one can fear for the time, when interests for research with later stages of embryonic develop‐
ment will emerge. In principle, everything seems justifiable, if dignity depends on society or
the intentions of the embryo’s creators.

Some authors try to justify hESC research without weakening the moral status of embryos
through a special reasoning within the prohibition of killing [61, 62]. In an opinion of the
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Austrian Bioethics Commission these attempts are summarized as follows: “The first argu‐
ment chooses the comparison with the removal of organs from brain dead patients. This
does not violate the prohibition of killing nor the prohibition of the complete instrumentali‐
sation of a human life that is derived from the concept of human dignity. Even less should
the use of fertilised egg cells at a stage in which one cannot speak of either an organ or brain
development be rejected as such on ethical reasons. The second argument compares the ob‐
taining of embryonic stem cells from surplus embryos with the medical use of tissue from
aborted foetuses, which can be ethically justified in so far as the abortion was not performed
for the purpose of obtaining foetal tissue. Both lines of argument imply that at the moment it
is no longer used for reproduction, the embryo created in vitro undergoes a change of status
that is equivalent to that of a person's transition from life into death. Even if one wishes to
accord the fertilised egg cell personhood, this does not mean that there is an irresolvable
conflict of values between the protection of life for the embryo and the freedom of research
in the service of present and future patients”[31]. These arguments cannot be discussed here
[63, 64]. The intention to escape the endless discussion about the moral status of embryos is
clever, the hope to prevent the weakening of the human dignity argument may be honoura‐
ble, but as a matter of fact, the relevant embryos are not dead prior to the destruction for
research. One might wonder, what results this kind of reasoning could have, when applied
to disabled persons or patients at the end of life, which could also be said to have no chance
for further development (a logical version of the slippery slope-argument).

3.2. Results of the status debate

Each modification of ethical reasoning and central moral attitudes must be paid attention to
in terms of consistency, rationality and possible side effects for other areas of life. This ex‐
amination of the arguments is sometimes more important than the solution itself. Bad argu‐
ments are counterproductive, promote distrust against ethical reasoning and science in the
long run, and weaken their aptitude to give orientation. The first task of ethics is the effort to
obtain good reasons, not fast answers [65]. The personalistic positions are consistent in the
protection of the right to life, but have trouble convincing society and researchers. The non-
personalistic positions will not find approval because of the openly declared consequences
for new-born children, disabled, or dying persons. The middle positions try to release re‐
search from some ethical boarders, without damaging the conviction of equal human digni‐
ty. But their methods of reasoning don't really convince and, in the long run, leave open too
many options.

Nevertheless two fundamental considerations seem to support maintaining a rejection of the
destruction of human embryos for research purposes:

a. If someone wants to justify hESC research, either within a limited extent or up to re‐
search cloning, she/he must be able to give convincing arguments, why embryos might
be treated in a different way than born humans. This seems to be impossible without
weakening or denying the moral status of early human embryos. This method of rea‐
soning possesses danger of weakening the protection of the human dignity in general. If
the coincidence of human species and human dignity is given up and exchanged for a
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dignity awarded by society, corresponding to actual research interests, serious doubts
may arise, whether the desired protection standard can be maintained in other areas of
life, e.g. for coma patients, disabled people or new born children.

b. hESC research including destruction of human embryos is not without alternatives. The
promised therapeutic applications of hESC research are still lacking, while research in
adult stem cells and hiPSC research seem very promising and are reducing the ethical
objections. When opposition to hESC research is still accused of impeding research and
preventing necessary new therapies, this could also be seen as a clever policy of small
steps to deceive moral convictions. Also other objectives are highly relevant, for exam‐
ple industrial applications in toxicity testing with human embryos as a substitute for
animal experiments: “These cell lines may provide more clinically relevant biological
systems than animal models for drug testing and are therefore expected to contribute to
the development of safer and more effective drugs for human diseases and ultimately
to reduce the use of animals. They also offer the possibility to develop better in vitro
models to enhance the hazard identification of chemicals. It is possible that these appli‐
cations will turn out to be the major medical impact of human ES cell research...” [66].

4. Remaining ethical arguments concerning hiPSCs with special
emphasis on the argument of complicity in another’s wrongdoing and
double effect reasoning

If  it  is  true that successful therapeutic applications are more likely to result  from hiPSC
research than from hESC research, ethical problems would be reduced significantly [4, 26,
67,  68].  Research cloning could be avoided.  It  would never be necessary for therapeutic
application.  hESC-research  would,  at  least,  be  reduced  to  the  domain  of  basic  research
and control  experiments.  For this remaining need it  seems realistic  that already existing
cell-lines  will  be  sufficient  [12].  In  this  case,  the  destruction  of  human embryos  for  re‐
search is completely avoidable in the future and even the destruction of surplus human
embryos may be unnecessary.

Nevertheless, even in hiPSC-research, some ethical issues remain and are in need of inten‐
sive consideration:

Can the distinction between hESC and hiPSC be explained in a consistent and convincing
way? Is it possible to find a reliable delimitation between pluripotent and totipotent stem
cells? Is it possible to prevent the production of germ cells out of hiPSCs, as well as their use
to create new research-embryos [26]?

Is the assumption that hESC-research is completely dispensable, or will be after a period of
time, justified, or is it only a means of sedating the conscience? Some scientist say, that is too
early to decide [11]. Even a temporal limited "exception", or a limited number cannot be seen
as an exception of ethical principles but must be justified. If further destruction of a limited
number of human embryos for research purposes would be necessary during a transition
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period, some ethicists argue for the use of surplus embryos from IVF-treatment [31]. The
ethical objections were indicated above. This way is surely not acceptable, if, according to
our appraisal, existing cell lines are sufficient. If not, the use of surplus embryos needs to be
justified in a consistent way without denying the human dignity of embryos and without
opening the way to the creation of research embryos on demand and even for non-therapeu‐
tic applications.

How can the cell donors’ right to voluntary and informed consent, as well as the protection
of personal data, especially in the case of application of hiPSCs as disease models, be guar‐
anteed? How can the relevant questions of property rights and patent law be solved [69]?

Even hiPSC-research is, in several ways, confronted with the ethical problem of “complicity
in others’ wrongdoing”: How can someone consistently reject the destruction of human em‐
bryos and, at the same time, use the result of former destructive research [13, 47, 70, 71]?
Katrien Devolder draws attention to this problem of complicity. She contradicts the opinion,
that hiPSC research is ethically correct, while hESC research is wrong because it involves de‐
struction of human embryos: “Many who object to human embryonic stem cell (hESC) re‐
search because they believe it involves complicity in embryo destruction have welcomed
induced pluripotent stem cell (iPSC) research as an ethical alternative. This opinion article
aims to show that complicity arguments against hESC research are prima facie inconsistent
with accepting iPSC research as it is currently done.” [13].

In this passage we would like to scrutinize her theses and her suggestions for a solution. We
are convinced that the problem of complicity is no obstacle for hiPSC research, if certain re‐
quirements are met.

4.1. Double effect reasoning

In theological and philosophical ethics, problems like this (cooperation with another’s sin,
“cooperatio in malo”) can be discussed in relation to the so-called “principle of an action
with double effect”, in brief “principle of double effect“, or “double-effect reasoning”
[72-74]. In this principle, a distinction is drawn between direct consequences of an action
and side effects, which are only indirectly wanted or accepted as unavoidable. The principle
wasn’t interpreted and used uniformly and has undergone some changes. In philosophical
and theological ethics, it is relevant in two different contexts. The first and original context is
the question of cooperating with the sin of another person. In these cases, the wrongness of
the action is presupposed and the question concerns only the legitimacy, or culpability of
the cooperation. Furthermore the principle of double effect is relevant in the context of some
specific moral norms, such as the prohibition of killing to determine moral rightness or
wrongness. In these cases it is a principle of restrictive interpretation of deontological moral
norms [75]. This is an issue of high complexity and not necessary for the question of com‐
plicity. In the first context, the principle draws one's attention to several relevant aspects
that may be helpful for our question of complicity in hESC and hiPSC research.

The basis of the argument of complicity with another’s wrongdoing is the estimation that
somebody, who cooperates in, or profits from the morally reprehensable actions of other
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models to enhance the hazard identification of chemicals. It is possible that these appli‐
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4. Remaining ethical arguments concerning hiPSCs with special
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If  it  is  true that successful therapeutic applications are more likely to result  from hiPSC
research than from hESC research, ethical problems would be reduced significantly [4, 26,
67,  68].  Research cloning could be avoided.  It  would never be necessary for therapeutic
application.  hESC-research  would,  at  least,  be  reduced  to  the  domain  of  basic  research
and control  experiments.  For this remaining need it  seems realistic  that already existing
cell-lines  will  be  sufficient  [12].  In  this  case,  the  destruction  of  human embryos  for  re‐
search is completely avoidable in the future and even the destruction of surplus human
embryos may be unnecessary.

Nevertheless, even in hiPSC-research, some ethical issues remain and are in need of inten‐
sive consideration:

Can the distinction between hESC and hiPSC be explained in a consistent and convincing
way? Is it possible to find a reliable delimitation between pluripotent and totipotent stem
cells? Is it possible to prevent the production of germ cells out of hiPSCs, as well as their use
to create new research-embryos [26]?

Is the assumption that hESC-research is completely dispensable, or will be after a period of
time, justified, or is it only a means of sedating the conscience? Some scientist say, that is too
early to decide [11]. Even a temporal limited "exception", or a limited number cannot be seen
as an exception of ethical principles but must be justified. If further destruction of a limited
number of human embryos for research purposes would be necessary during a transition
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period, some ethicists argue for the use of surplus embryos from IVF-treatment [31]. The
ethical objections were indicated above. This way is surely not acceptable, if, according to
our appraisal, existing cell lines are sufficient. If not, the use of surplus embryos needs to be
justified in a consistent way without denying the human dignity of embryos and without
opening the way to the creation of research embryos on demand and even for non-therapeu‐
tic applications.

How can the cell donors’ right to voluntary and informed consent, as well as the protection
of personal data, especially in the case of application of hiPSCs as disease models, be guar‐
anteed? How can the relevant questions of property rights and patent law be solved [69]?

Even hiPSC-research is, in several ways, confronted with the ethical problem of “complicity
in others’ wrongdoing”: How can someone consistently reject the destruction of human em‐
bryos and, at the same time, use the result of former destructive research [13, 47, 70, 71]?
Katrien Devolder draws attention to this problem of complicity. She contradicts the opinion,
that hiPSC research is ethically correct, while hESC research is wrong because it involves de‐
struction of human embryos: “Many who object to human embryonic stem cell (hESC) re‐
search because they believe it involves complicity in embryo destruction have welcomed
induced pluripotent stem cell (iPSC) research as an ethical alternative. This opinion article
aims to show that complicity arguments against hESC research are prima facie inconsistent
with accepting iPSC research as it is currently done.” [13].

In this passage we would like to scrutinize her theses and her suggestions for a solution. We
are convinced that the problem of complicity is no obstacle for hiPSC research, if certain re‐
quirements are met.

4.1. Double effect reasoning

In theological and philosophical ethics, problems like this (cooperation with another’s sin,
“cooperatio in malo”) can be discussed in relation to the so-called “principle of an action
with double effect”, in brief “principle of double effect“, or “double-effect reasoning”
[72-74]. In this principle, a distinction is drawn between direct consequences of an action
and side effects, which are only indirectly wanted or accepted as unavoidable. The principle
wasn’t interpreted and used uniformly and has undergone some changes. In philosophical
and theological ethics, it is relevant in two different contexts. The first and original context is
the question of cooperating with the sin of another person. In these cases, the wrongness of
the action is presupposed and the question concerns only the legitimacy, or culpability of
the cooperation. Furthermore the principle of double effect is relevant in the context of some
specific moral norms, such as the prohibition of killing to determine moral rightness or
wrongness. In these cases it is a principle of restrictive interpretation of deontological moral
norms [75]. This is an issue of high complexity and not necessary for the question of com‐
plicity. In the first context, the principle draws one's attention to several relevant aspects
that may be helpful for our question of complicity in hESC and hiPSC research.

The basis of the argument of complicity with another’s wrongdoing is the estimation that
somebody, who cooperates in, or profits from the morally reprehensable actions of other
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persons, makes himself responsible in a certain way as an accomplice. “Complicity” means a
culpable cooperation in the ethically wrong action of another person. The conviction that we
are responsible not only for the immediate results of our behaviour, but also for the influ‐
ence we exert by our behaviour on convictions and behaviour of others in the long run, as
far as this is foreseeable, is fundamental.

Just as the demands of morality are aimed at the inner attitude as well as the outer ac‐
tions of man, accusations of complicity are not only aimed at a voluntary and deliberate
cooperation in the wrong actions of others,  but also at inadequate attitudes towards the
wrong actions of others. Our inner disposition, our fundamental attitude, our character is
the central content of our moral obligation. Morality primarily consists in the fundamen‐
tal  attitude of impartial  benevolence,  in the respect for the equal dignity of all  humans.
Motives cannot be recognized directly but only inferred from our behaviour. Sometimes
adequate symbolic actions can help to express the inner attitudes and prevent misunder‐
standings. Symbolic actions partly get credibility by the costs they cause and by the dis‐
advantages somebody is ready to accept [76].

This effort especially is necessary if somebody profits from the wrong actions of others and
thus, gives the impression of approval or inner consent of these actions. This can even be the
case, if one wasn't involved in the wrong actions at all. The use of research results from mo‐
rally reprehensible experiments in the past [77] without an explicit dissociation can give the
impression of lacking sensibility and missing respect for the victims or even the impression
of an inner consent, of condoning or justifying these actions. If there are scientific reasons to
use the results, the rejection of these crimes must be articulated by explicitly remembering
the victims and condemning the crimes.

Complicity with another’s wrongdoing can happen in different constellations. In the tradi‐
tion of moral theology, different types of cooperation with the sin of another one were dis‐
tinguished and relevant distinctions were made for the degree of guilt [74, 78, 79].

In any case, the rejection of a sin, a willingly performed wrong action of another person, is
required. Complicity, as an inner consent when another one’s sin "is wanted as such", is
called “formal” cooperation and is always wrong. Even an implicit inner consent is seen as a
formal cooperation, especially in the case of serious offenses. If the inner consent is missing
because the cooperation happens involuntarily or without knowledge, this is called a “mate‐
rial” cooperation. However, this kind of cooperation requires a justification, but, in contrast
to a formal cooperation, this is possible. According to traditional arguments a material coop‐
eration is permitted, if the other’s sin is "wanted only indirectly” and the action corresponds
to the rules of the “principle of double effect".

Within the principle of double effect, a distinction is drawn between direct consequences of
an action and side effects, which are only indirectly wanted, or accepted as unavoidable.
While direct cooperation is regarded as forbidden, the indirect one can be justified by ade‐
quately important, so-called proportionate reasons for accepting the others’ sin. In this way,
teleological reasoning, on the basis of balancing good and bad consequences, is made possi‐
ble for the indirect causation of the others’ sin. Nevertheless, this remains excluded for a di‐
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rect causation or a direct intention, in which the wrong action is intended itself (per se), or as
a means to an end [80]. In these cases the sin must be seen as directly intended. As a mini‐
mum for speaking of an indirect causation of an evil, it was demanded that good and bad
consequences must result from the action "at least equal immediately" [73, 74, 78].

In casuistry, further types of a “material” cooperation were distinguished: A positive cooper‐
ation by an active action is more serious than a negative cooperation by omission of an ac‐
tion. An immediate cooperation is more serious than a mediate. A near cooperation is more
serious than a remote one. Necessary cooperation, without which the wrong action of anoth‐
er one wouldn't have happened at all, is worse than cooperation, when it would have been
performed anyway. A direct intention could be suspected, the more immediate and more
near one’s own action is connected with another one’s sin and the more probably the other
one wouldn't sin without this cooperation. Here the principle includes a difficult question:
Does the indirectness and justifiability of complicity primarily depend on the causal proxim‐
ity, or on the probability of another person’s wrong action? Is it really less problematic to
promote a wrong action with high probability, if the number of mediating instances is in‐
creased? In the theological tradition there was no agreement on this matter. According to a
teleological method, responsibility refers to all foreseeable consequences that can be influ‐
enced by one’s actions. In this point of view, probability is more important than proximity.
For the credibility of the inner consent, proximity may be the greater problem.

These distinctions show the difficulties in dissociating oneself consistently from another’s
wrongdoing while cooperating or profiting from it. While the distinction between formal
and material cooperation is a clear alternative, the distinctions of types of material coopera‐
tion seems in real life often to be a matter of degree. Al least one could say, that the effort to
make one’s own inner rejection of anothers’ wrongdoing credible to other people is greater,
the more a cooperation is near, immediately and necessarily.

The  principle  of  double  effect  includes  at  least  three  relevant  aspects  that  may help  to
evaluate the problem of complicity in hESC and iPSC research: (a) In any case, the rejec‐
tion of another one’s action, which one determines as ethically wrong, is required as mat‐
ter  of  inner  consistency.  (b)  A  material  cooperation  can,  nevertheless,  be  ethically
justified,  if  intention  and  causal  relation  can  be  seen  as  indirect,  which  is  sometimes
clearly identifiable, but is often a matter of degree. (c) In any case, a proportionate reason
for accepting the others’ sin must be given. Additionally sometimes symbolic actions will
be necessary to maintain one’s credibility.

4.2. Complicity according to Devolder

Devolder’s statements to complicity partly correspond with these arguments. She introduces
the following variants [13]:

1. "Causally contributing": “When I induce or encourage you, or provide you with the
means to commit a murder, and as a result you commit it, I am complicit in that mur‐
der.” In these cases, the other’s wrong action is also the result of one’s own action.
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standings. Symbolic actions partly get credibility by the costs they cause and by the dis‐
advantages somebody is ready to accept [76].

This effort especially is necessary if somebody profits from the wrong actions of others and
thus, gives the impression of approval or inner consent of these actions. This can even be the
case, if one wasn't involved in the wrong actions at all. The use of research results from mo‐
rally reprehensible experiments in the past [77] without an explicit dissociation can give the
impression of lacking sensibility and missing respect for the victims or even the impression
of an inner consent, of condoning or justifying these actions. If there are scientific reasons to
use the results, the rejection of these crimes must be articulated by explicitly remembering
the victims and condemning the crimes.

Complicity with another’s wrongdoing can happen in different constellations. In the tradi‐
tion of moral theology, different types of cooperation with the sin of another one were dis‐
tinguished and relevant distinctions were made for the degree of guilt [74, 78, 79].

In any case, the rejection of a sin, a willingly performed wrong action of another person, is
required. Complicity, as an inner consent when another one’s sin "is wanted as such", is
called “formal” cooperation and is always wrong. Even an implicit inner consent is seen as a
formal cooperation, especially in the case of serious offenses. If the inner consent is missing
because the cooperation happens involuntarily or without knowledge, this is called a “mate‐
rial” cooperation. However, this kind of cooperation requires a justification, but, in contrast
to a formal cooperation, this is possible. According to traditional arguments a material coop‐
eration is permitted, if the other’s sin is "wanted only indirectly” and the action corresponds
to the rules of the “principle of double effect".

Within the principle of double effect, a distinction is drawn between direct consequences of
an action and side effects, which are only indirectly wanted, or accepted as unavoidable.
While direct cooperation is regarded as forbidden, the indirect one can be justified by ade‐
quately important, so-called proportionate reasons for accepting the others’ sin. In this way,
teleological reasoning, on the basis of balancing good and bad consequences, is made possi‐
ble for the indirect causation of the others’ sin. Nevertheless, this remains excluded for a di‐
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ation by an active action is more serious than a negative cooperation by omission of an ac‐
tion. An immediate cooperation is more serious than a mediate. A near cooperation is more
serious than a remote one. Necessary cooperation, without which the wrong action of anoth‐
er one wouldn't have happened at all, is worse than cooperation, when it would have been
performed anyway. A direct intention could be suspected, the more immediate and more
near one’s own action is connected with another one’s sin and the more probably the other
one wouldn't sin without this cooperation. Here the principle includes a difficult question:
Does the indirectness and justifiability of complicity primarily depend on the causal proxim‐
ity, or on the probability of another person’s wrong action? Is it really less problematic to
promote a wrong action with high probability, if the number of mediating instances is in‐
creased? In the theological tradition there was no agreement on this matter. According to a
teleological method, responsibility refers to all foreseeable consequences that can be influ‐
enced by one’s actions. In this point of view, probability is more important than proximity.
For the credibility of the inner consent, proximity may be the greater problem.

These distinctions show the difficulties in dissociating oneself consistently from another’s
wrongdoing while cooperating or profiting from it. While the distinction between formal
and material cooperation is a clear alternative, the distinctions of types of material coopera‐
tion seems in real life often to be a matter of degree. Al least one could say, that the effort to
make one’s own inner rejection of anothers’ wrongdoing credible to other people is greater,
the more a cooperation is near, immediately and necessarily.

The  principle  of  double  effect  includes  at  least  three  relevant  aspects  that  may help  to
evaluate the problem of complicity in hESC and iPSC research: (a) In any case, the rejec‐
tion of another one’s action, which one determines as ethically wrong, is required as mat‐
ter  of  inner  consistency.  (b)  A  material  cooperation  can,  nevertheless,  be  ethically
justified,  if  intention  and  causal  relation  can  be  seen  as  indirect,  which  is  sometimes
clearly identifiable, but is often a matter of degree. (c) In any case, a proportionate reason
for accepting the others’ sin must be given. Additionally sometimes symbolic actions will
be necessary to maintain one’s credibility.

4.2. Complicity according to Devolder

Devolder’s statements to complicity partly correspond with these arguments. She introduces
the following variants [13]:

1. "Causally contributing": “When I induce or encourage you, or provide you with the
means to commit a murder, and as a result you commit it, I am complicit in that mur‐
der.” In these cases, the other’s wrong action is also the result of one’s own action.
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2. "Promoting wrongdoing through increasing demand for embryonic stem cell lines":
“One can be complicit in wrongdoing by increasing the likelihood of that wrongdoing
(or future instances of it) in certain ways, even if one does not in fact cause it.”

3. "Promoting wrongdoing through altering attitudes to embryo destruction": Further
ways of promoting wrongdoing “include condoning a wrong or fostering more permis‐
sive social attitudes towards it.” Profiting from the use of the results of a wrong action
can awake the assumption that one excuses this action. This can in the long run weaken
social attitudes and promote wrong behaviour.

4. "Implicitly condoning wrongdoing and disrespecting its victims": Complicity can also
be supposed, independent of the consequences, if an implicit excuse of a wrong action,
or disrespect towards the victims seems to be expressed.

In the terminology of theological ethics, paradigms 1-3 refer to different forms of material
cooperation. The first includes examples of direct and indirect cooperation specified as near
forms of cooperation. Category 2 and 3 are examples of mediate cooperation of a more re‐
mote type, the acceptance of a wrong action as a side effect. One’s own action is not suffi‐
cient for the realization of this side effect, but increases its probability in connection with
others. In contrast to Devolder, this can also be seen as a kind of causation, but an indirect
one. In Example 3, the side effect is a problematic change of social attitudes. This effect is
even more remote. The connection is a very complex one. It is unquestionable that research
often changes social attitudes. Researchers should think about such consequences, which oc‐
cur as a result of their work. But they aren't alone responsible for it and their actions are sel‐
dom a sufficient condition for a change of social attitudes. Category 4 refers to the
appearance of an inner consent, which is called an implicit formal cooperation. Either the
actual inner attitude or the publicly noticeable expression is not adequate.

4.2.1. Devolder’s criticism of hESC research

According to Devolder hESC research is confronted with the problem of complicity even if
researchers use already existing cell lines and don’t themselves destroy human embryos.
Even if there is no direct causal contribution, they contribute to an “increasing demand for
embryonic cell lines” [13, p 2176] and, in this way, promote the likelihood of “further em‐
bryo destruction” [13, p 2176]. At least at a collective level, this mediate and remote effect is
a reality. Presupposition for this criticism is that destroying human embryos is determined
as ethically not justified.

A strategy to prevent this contribution is “separating the use of hESCs from their derivation
by instituting a cut-off date” [13, p 2176]. This method was used by the jurisdiction in Ger‐
many when trying to deal with the problem in 2002. When the cut-off date was moved in
2007, the credibility of the proclaimed objection to the destruction of embryos was damaged.
If the shift of a cut-off date can be anticipated, contribution to an increasing demand is not
prevented any more. Devolder emphasizes, that even when using hESCs produced before a
cut-off date successful research may promote the destruction of embryos in less restrictive
countries. As a counter-argument, she points out that hESC lines are mostly derived from
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discarded IVF embryos. Since they are available in a large number, hESC research will not
increase the likelihood of embryo-destruction in any way. Of course this objection presup‐
poses the acceptability of the destruction of surplus IVF embryos, which is an open discus‐
sion. In addition to this, the question arises, of whether or not research interests truly have
no effect on the production of surplus IVF embryos [71].

Furthermore, Devolder indicates complicity by contributing to altering attitudes in society,
changing moral beliefs, legislation or incentives. In this way, the potential benefits of hESC
research for many people and the good reputation of biomedical research in general may
weaken efforts to reduce the number of embryos discarded in IVF.

Finally, hESC research is accused of “implicitly condoning wrongdoing and disrespecting its
victims”. If the destruction of embryos is evaluated as a kind of wrongdoing, it is inconsis‐
tent and not credible, when researchers, who benefit from it, would regret or try to distance
themselves from the practice of destruction of embryos. By using the stem cell lines, they
seem to condone the way, they were obtained.

4.2.2. Devolder’s Criticism of hiPSC research

hiPSC research enables the development of illness specific or patient specific pluripotent
stem cells without supply of oocytes and without the creation and destruction of embryos.
Thus, the central ethical objections seem to be removed. Contrary to widespread opinion,
Devolders thesis is that, regarding complicity with the destruction of human embryos,
hiPSC research is in a similar situation as hESC research. hiPSC research wouldn't be a solu‐
tion for the ethical problems connected to hESC research. She “aims to show that complicity
arguments against hESC research are prima facie inconsistent with accepting iPSC research as
it is currently done.” [13]. She suggests that, in a consistent way, both should be accepted or
rejected.

Devolder accuses hiPSC research of „promoting and condoning embryonic stem cell re‐
search“. The connections between hiPSC and hESC research seem to be similar to the con‐
nections between hESC research and embryo destruction: “Research on hESCs arguably
promotes embryo destruction through increasing demand; similarly iPSC research arguably
promotes hESC research in the same way. Engaging in hESC research arguably also implic‐
itly condones embryo destruction, in part because it involves significant interaction with
those who destroy embryos. Engaging in iPSC research involves even more significant inter‐
action with hESC researchers and thus, even more plausibly, implicitly condones hESC re‐
search.... Consistency requires that considerations of complicity are invoked in both cases.”
[13]. To a great extent, hiPSC research uses results of hESC research and therefore cannot
dissociate itself in a credible way from it. It seems to be contributing at least implicitly to
weakening the rejection of the destruction of embryos. If hESC research is opposed because
of complicity, according to Devolder, even hiPSC research must be seen as highly problem‐
atic, unless several modifications are implemented [13].
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4.3. Application of double effect reasoning

The argument of complicity legitimately asks for justification of the involvement of hESC re‐
search and in a more remote way hiPSC research in the destruction of human embryos, even
if researchers don’t perform it themselves. Double effect reasoning can give some general
guidance for performing research with including benefits from objected research in the past
and unintended side-effects in the future. Researchers must look back and consider, how
they think about the way cell lines, were obtained via the destruction of human embryos in
the past. Their research should be in consistency with this judgement. They should also
think about their contribution to further destruction of human embryos in the future. They
should pay attention to the way their research changes the attitudes of society. Both kinds of
consequences are part of the responsibility of researches to the extent they can be foreseen as
being in some direct or indirect, close or remote way connected to their scientific work.

The possible indirect and more remote consequences of hiPSC research on the destruction of
embryos cannot be denied. Who opposes the destruction of embryos for ethical reasons and
nevertheless participates in hiPSC research, can be justified in the line of double effect rea‐
soning only, if the rejection of the destruction of embryos and of possible problematic re‐
search in other countries is honest and proven by the attempt to minimize the effect of one’s
own research on promoting further embryo destruction. This objection should also be made
public in some clear and unambiguous way and should be accompanied by institutional or
legal precautions to avoid further embryo destruction and weakening of social attitudes.
The remaining indirect or remote contributing can be justified, if the benefit of the research
is adequately high.

4.4. Consistent solutions?

Devolder suggests 5 possible solutions [13]:

1. Rejection of hESC research, as well as hiPSC research.

2. Radical separation of the two research areas and “a change in the ways iPSC research is
done so that it would no longer involve complicity in hESC research.”

3. One could argue that hiPSC research is considerably more remote from the destruction
of human embryos and is, in this respect, less contributing to a weakening of the social
sensibility for the victims. In this respect, the "moral costs" could be justified more easi‐
ly.

4. Complicity arguments could be rejected or limited to cases "when one actually and sig‐
nificantly causally contributes to more embryo deaths", which is not the case for re‐
search with stem cells obtained by others.

5. The wrongness of the destruction of human embryos for important research areas could
be denied. In this case, the discussed complicity arguments would no longer be perti‐
nent to both ways of research.
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Rejection or radical separation of the two research areas are regarded as unappealing by De‐
volder, because this would be connected with considerable disadvantages for research. A
complete renunciation would retard important research projects and be a disadvantage for
potential patients hoping for new therapies. The renunciation would be a credible sign, but
a burden for others is a problematic proof of one’s own integrity.

A possible solution might be seen in a combination of Devolder’s suggestions 2 and 3. The
change in the ways hiPSC research is performed could be a radical constraint on the already
existing stem cell lines and a credible renunciation of obtaining new stem cell lines, or using
new ones from other countries, such as e.g. the European Group on Ethics proposes in its
opinion 22: “The derivation of new toti-potent cells or pluri-potent stem cell lines from do‐
nated pre-implantation human embryos or embryonic cells, or via nuclear reprogramming,
is not funded by the EU Research Programme.” [12]. If existing cell lines are sufficient for
the necessary comparison studies, research for therapeutic applications will not be ham‐
pered or retarded any way and no direct or near contribution to further destruction of em‐
bryos is remaining. If applicable regulations were found on a broad basis, protected in a
credible way and maintained in the long run, complicity arguments pertaining to embryo
destruction in the future wouldn’t be applicable anymore to hiPSC research. If, according to
the latest reports, the stage of pluripotency were dispensable for therapeutic applications
and adult stem cells could be developed into desired cell types without this step [7], even
the control studies with hESCs would become less important.

An important step in the direction of a limitation of research to existing hESC lines is the
European registry of existing hESC lines: “The European Commission has therefore decided
to establish and fund a European registry for human embryonic stem cell lines in order to
help researchers to optimise the hESC resources available, avoid duplication of work and/or
the creation of new cell lines where possible.” [12]. This kind of policy helps to avoid the
new destruction of embryos and enables transparency and credibility. Regulated in such a
way hiPSC has a good chance, not to contribute to a weakening of the social sensibility for
the victims of research and to changing attitudes to the dignity of human embryos. More
likely it is a step towards the opposite direction of more respect for human dignity.

Devolder’s suggestion 3 and 4 refer to the distinction of causally direct and indirect action.
The argument, “that the complicity arguments for rejecting hESC research are stronger than
the complicity arguments for rejecting iPSC research” [13] seems appropriate to us. Con‐
forming to the principle of double effect, the distinction between immediate consequences
and side effects, which are only wanted or accepted indirectly, opens a way to justify these
kind of consequences by proportionate reasons like the high benefit of research for fighting
diseases in the future. The remaining indirect and remote contribution to the destruction of
embryos can be estimated as balanced as long as it is not actively supported and possible
usage of results out of this kind of rejected research is not secretly hoped for.

Of course clarification is needed, which research objectives are regarded as adequately high
for the use of hESC lines. Therapeutical applications for humans can be regarded as ade‐
quate, also necessary control experiments for research with adult stem cells or hiPSCs. But
serious doubts appear in relation to non-therapeutic industrial applications like toxicity test‐
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ing to replace or reduce animal experimentation. Here the opinions are divided and depend‐
ing on the ethical background, using hESCs for applications like these are seen as a welcome
improvement by the one side [12, 66], or as a disproportionate means and a way of damag‐
ing human dignity that is not acceptable by the other side. The European Group on Ethics
stated clearly: “Although the Group is aware of the importance of respecting animal wel‐
fare, it is concerned that respect for human dignity may not be maintained when hESCs are
used in toxicity testing of industrial or other commercially produced chemicals not related
to drugs, such as cosmetics, or for replacement of animal testing. Therefore, particular atten‐
tion is to be drawn to this issue.” [12, 38, 69, 81]. The demand for further destruction of em‐
bryos would be increasing enormously and one can suppose that social attitudes would
really change in the long run, if cell lines derived from human embryos are used as com‐
modity, as raw material in industrial dimensions.

Devolder’s fourth solution, narrowing “complicity” to cases "when one actually and signifi‐
cantly causally contributes to more embryo deaths" [13], is no convenient way. It tends to
reduce researchers responsibility too much. Mediate and remote consequences of research
are part of the researchers’ moral responsibility. Abuse of discoveries and inventions, the
promotion of personally rejected methods and applications and even a problematic modifi‐
cation of social attitudes are relevant objects of responsibility, as far as they can be foreseen
and are enabled or promoted by one’s own activity. Taking responsibility of course doesn’t
mean being accused for every effect, but being willing to give a justification for accepting
unwanted side effects or long term consequences. If appropriate reasons are given, research
is justifiable despite these problems. Thus, the principle of double effect opens a way of
dealing with negative and unwanted side effects in a responsible way. Research does not
justify everything. But complicity is reduced to cases of voluntary and deliberate coopera‐
tion in the actions of others, which one claims to evaluate as morally wrong, (1) when there
is formal inner consent, even an implicit one, which is inconsistent, (2) when the cooperation
is so near and direct, that an inner rejection is not credible any more, or (3) when the dam‐
age and harm caused by the wrong action is not balanced by a proportionate high benefit.

Devolder’s fifth solution shows the necessary precondition for this discussion about com‐
plicity of hiPSC research, the determination of the destruction of human embryos for re‐
search purposes as morally wrong. This judgement mostly corresponds to a personalistic
position regarding the moral status of human embryos. Non-personalistic and gradualistic
positions don’t determine destruction of embryos as morally wrong generally or under spe‐
cific conditions. Of course they don’t have a problem with the discussed type of complicity.
As indicated in section 2 of this chapter, the ways of justifying the destruction of human em‐
bryos haven't been able to obtain an agreement until now: Denying or weakening of the mo‐
ral status and dignity of early human embryos, of research embryos or at least of surplus
IVF-embryos, always contains the risk of weakening this basic ethical argument of equal hu‐
man dignity in general and causing bad effects for humans in other stages of life. The sec‐
ond way, a justification of their destruction, as a legitimate way of killing without denying
dignity of human embryos, is not convincing and may cause similar side-effects.
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5. Conclusion

A consensus conferring the moral status of human embryos and the ethical evaluation of
creating and destructing human embryos hasn’t been achieved in the past and doesn't seem
probable in the near future. Attempts to justify the destruction of human embryos for re‐
search have not succeeded in answering the ethical objections in a sufficient and convincing
way. Since fundamental moral attitudes and convictions are concerned, it is adequate to im‐
pose the burden of proof on those, who advocate these ways of research. Liberty of research
finds its limits where the basic moral convictions of a society are violated.

In  areas  of  close  scientific  cooperation  the  search  for  agreement  in  fundamental  ethical
questions remains an urgent  challenge.  In  a  pluralistic  society,  despite  all  efforts  for  an
ethical basic consensus, it is possible that over a longer period of time, a consensus on a
certain moral question cannot be found. In such cases, the principle of tolerance is appli‐
cable  only  if  both  positions,  at  least,  share  a  common  basis  that  allows  to  include  the
contradicting positions as rational and consistent lines of reasoning. The problem is that
the positions regarding the moral status of human embryos don’t seem to be reconcilable
within a shared basic consensus.

In this situation, the only rational way seems to be the renunciation of any further destruc‐
tion of human embryos, a concentration on research with adult stem cells, iPSCs, and, where
necessary, with existing hESC-lines. According to the newest developments in stem cell re‐
search, this position doesn’t retard research for therapeutic objectives. It has a chance to
serve as a minimal consensus and, in the long run, possibly will prove to be the better way,
scientifically, ethically, in relation to social acceptability and maybe even economically.

The concern for common and strong ethical standards is part of the external responsibility of
science. Science itself is dependent on social agreement and legal certainty and would suffer
from a distrust and hostility towards science. In the end, there should be no difference be‐
tween ethical requirements and a science that is striving for an improvement of human liv‐
ing conditions in a sustainable and comprehensive way: "An ethics turned towards the
future and a politics of comprehensive ecological, social and humane sustainability are
guided by the insight, that there cannot be a double truth. Both, ethics and politics, should
be guided by the conviction that in a humane society the moral right in the long run will
also be the really beneficial for humans. Though one must realistically anticipate that single
groups and perhaps even societies will try to provide themselves with short-term advantag‐
es by overriding ethical boundaries, this won't be to the advantage of most people and the
world of future generations” [82].
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Stem cells have generated a lot of excitement among the researchers, clinicians and 
the public alike.  Various types of stem cells are being evaluated for their regenerative 

potential. Marginal benefit resulting by transplanting autologus stem cells (deemed 
to be absolutely safe) in various clinical conditions has been proposed to be a growth 
factor effect rather than true regeneration. In contrast, various pre-clinical studies 

have been undertaken, using differentiated cells from embryonic stem cells or induced 
pluripotent stem cells have shown promise, functional improvement and no signs of 
teratoma formation. The scientists are not in a rush to reach the clinic but a handful 
of clinical studies have shown promise. This book is a collection of studies/reviews, 
beginning with an introduction to the pluripotent stem cells and covering various 

aspects like derivation, differentiation, ethics, etc., and hence would provide insight 
into the recent standing on the pluripotent stem cells biology. The chapters have been 

categorized into three sections, covering subjects ranging from the generation of 
pluripotent stem cells and various means of their derivation from embryonic as well 

as adult tissues, the mechanistic understanding of pluripotency and narrating the 
potential therapeutic implications of these in vitro generated cells in various diseases, 

in addition to the associated pros and cons in the same.
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