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Abstract
Embryonic, adult, artificially reprogrammed, and cancer.– there are various types of cells associated with stemness. Do

they have something fundamental in common? Are we applying a common name to very different entities? In this review,

we will revisit the characteristics that define ‘pluripotency’, the main property of stem cells (SCs). For each main type of

physiological (embryonic and adult) or synthetic (induced pluripotent) SCs, markers and functional behavior in vitro and

in vivo will be described. We will review the pioneering work that has led to obtaining human SC lines, together with the

problems that have arisen, both in a biological context (DNA alterations, heterogeneity, tumors, and immunogenicity) and

with regard to ethical concerns. Such problems have led to proposals for new operative procedures for growing human

SCs of sufficiently high quality for use asmodels of disease and in human therapy. Finally, we will review the data from the

first clinical trials to use various types of SCs.
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Introduction

Stem cells (SCs) are very small cells that do not have
the phenotypic characteristics of cells from any known
adult tissue (epithelial, connective, muscle, neural,
and immune) but are able to generate ‘de novo’
differentiated cells of the types found in any of these
tissues. There are four defined types of SCs: two
physiological that are present at different stages of
life – embryonic SCs (ESCs) and adult SCs (ASCs) – one
engineered or ‘induced’ (induced pluripotent stem
(iPS) cells), and pathological cells present in cancers
and having some stem properties (cancer SCs (CSCs)).

Many investigations have been carried out to define
the essential characteristics of stemness. Such proper-
ties should be common to all known SCs, or at least
to cells making up one of the four groups described
earlier, and refer to the following functional aspects:
1) expression of markers of pluripotency, 2) activation
of signal transduction pathways that maintain stemness,
3) a characteristic proliferative state, 4) how the
pluripotent SCs behave in vitro, and (5) how they
behave after reintroduction to an in vivo environment.
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This review will focus on current knowledge of each
different type of normal SC in relation to these five
aspects and deals briefly with CSCs. The key concepts
elaborated in this review are presented in brief in Table 1.
Embryonic SCs

ESCs make up the inner cell mass (ICM) of the
blastocyst before implantation or before any commit-
ment to embryonic cell fates is detectable at the
molecular level. They are the most studied SCs and
knowledge obtained from ESCs has guided the
investigations of other types of SC.

In vivo, strictly defined ESCs exist only for a short
period during development of the pre-implantation
embryo, as in parallel with mitotic division, the cells of
the embryo become committed and lose their pluri-
potency (Fig. 1). ESC lines are obtained by enzymatic
dispersion of the ICM and culturing under particular
conditions. Resulting ESCs possess the capacity not
only for infinite self-renewal, in common with other cell
lines, but for stably maintaining certain properties
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Table 1 Key concepts

ICM Inner cell mass, group of pluripotent cells in the blastocyst
ESC ESC originating from a pre-implantation blastocyst, pluripotent
EpiSC ESC originating from a peri-implantation blastocyst. They present some features of pluripotency but not all and do

not behave as fully pluripotent cells
Commitment Process coupled to mitosis by which the progeny of a cell goes from pluripotent to unipotent (determined to one fate

and with only the set of genes that will characterize it as a particular cell type still being switched on).
Morphologically, uncommitted and committed cells look similar

Differentiation The separate step following commitment whereby the genes that remain switched on become expressed and the cell
thus appears morphologically distinct from its ancestors. Also known as ‘terminal differentiation’

FAB-SC ESC originating from a pre-implantation blastocyst under differentiating conditions, nullipotent, unable to differentiate
TS Trophoblast Stem cells derived form the outside layer of the pre-implantation blastocyst. Express specific markers

such as CDX2 or ESRRB
XEN Cell line obtained from the extraembryonic endoderm, the superficial layer of cells covering he ICM in a blastocyst
mESC Fully pluripotent mouse ESC
rESC Fully pluripotent rat ESC
hESC Non-fully pluripotent human ESC obtained using previous conditions
Naı̈ve hESC Fully pluripotent human ESC obtained using new conditions
MEF Mouse embryonic fibroblast. Growth inactivated and used as a feeder layer for ESCs
Xa/Xi One of the X chromosomes characteristic of female cells is inactivated. However, the female ICM of the peri-

implantation blastocyst and female pluripotent ESCs and iPS cells are Xa/Xa
EB Embryoid body. Used to induce in vitro differentiation of ESCs. Cells are aggregated in a drop of differentiation

medium in a culture dish and inverted (‘hung’) during incubation
ASC Adult SC
PRC PRogenitor Cell. Putative cell derivative of asymmetric division of an ASC. Theoretically, PRCs have lost certain

stem characteristics and proliferate rapidly. Although they are ‘committed’ to, they do not yet differentiate into
somatic cell types

iPS Pluripotent cell induced after the transient introduction of three (OCT4, KLF4, and SOX2 – called OKSK) or four
genes (OKS plus cMYC, or NANOG or LIN28 or NMYC) into a differentiated somatic cell type

hiPS Any iPS obtained from a somatic human cell
DLK1–DIO3 A well-conserved locus in mammals. It is imprinted such that the paternal allele transcribes three mRNAs translated

into proteins (DLK1, RTL1, and DIO3), while the maternal allele transcribes noncoding and small RNAs. The locus
is very active exclusively in pluripotential ESCs and iPS cells

H3K4Me3 Histone 3 is one of the core proteins of a nucleosome. Lysine 4 of trimethylated histone H3 is an epigenetic mark of
actively transcribed genes

H3K27Me3 Lysine 27 of trimethylated histone H3, an epigenetic mark of actively repressed genes
CSC Cancer SC. Cancers are a heterogeneous mix of cell populations. Some cells present in cancers exhibit properties

similar to physiological SCs
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inherent to stemness (see below and Table 2). In recent
years, ESC subtypes have been obtained from blasto-
cysts by changing culture conditions. It is, however,
now clear that the original parent cells were different.
Thus, while fully pluripotent mouse ESCs (mESCs)
originate from the epiblast of the pre-implantation
ICM, so-called EpiSCs originate from the epiblast of
the peri-implantation ICM, and, while maintaining
some features of ESCs, are not fully pluripotent.
Other unipotent SC lines do not even originate in the
epiblast but in the trophoblast (TS) or extraembryonic
endoderm (XEN).

During the short period of implantation in the
endometrial wall, the mammalian embryo undergoes
a huge number of functional genetic changes that
are key to its further development (Fig. 1). Epigenetic
reprogramming of truly naı̈ve ESCs in the transition
from morula to blastocyst is essential for further
embryonic development, as shown, for example,
in the reactivation of the paternal X chromosome
(Blair et al. 2011). X chromosome inactivation (Xi)
in females is one of the key events in cells of the
Journal of Molecular Endocrinology (2012) 49, R89–R111
female peri-implantation epiblast, leading to their
commitment to Xa/Xi not only during embryonic
development but also in adult life. Xi is not present
in the pre-implantation epiblast whose cells have both
the X chromosomes active (Xa/Xa). Thus, EpiSCs and
mESCs, cell lines obtained in these two different
periods, have subtle but important differences.

Other characteristics of pluripotent ESCs are their
growth as round compact colonies of very small cells,
which is dependent on leukemia inhibitory factor (LIF)
but independent of activin/FGF, and resistant to
passage by enzymatic dispersion (Pera & Tam 2010).
LIF is a cytokine produced by the endometrium, which
allows blastocyst implantation (Stewart et al. 1992). LIF
receptor (Gp130) is expressed by ESCs and maintains
self-renewal and pluripotency by phosphorylating
STAT3 (Williams et al. 1988, Niwa et al. 1998).

The obtainment of ESC lines has been a key historical
scientific achievement. In 1981, the first mESC lines
were obtained from blastocysts of the Sv129 strain as
round colonies on a layer of chemically arrested mouse
embryonic fibroblasts (MEFs), known as a ‘feeder layer’
www.endocrinology-journals.org



Figure 1 ESCs originate in the ICM of the pre-implantation embryo. Cells presenting all the
characteristics of pluripotent SCs, such as expression of the four essential transcription
factors (OCT4, SOX2, KLF4, and NANOG), having both X chromosomes active in female
cells (Xa/Xa), and a high activity in the maternal DLK1–DIO3 locus, are exclusive to a
compact group of cells ICM inside the pre-implantation blastocyst, and cell lines obtained
from them are ESCs. Cell lines have also been obtained from the TS and from the XEN
lining the ICM, but these express other markers and are not pluripotent. When the
blastocyst starts to implant in the endometrium, molecular events occur such that cells of
the ICM and its derivative cell lines (EpiSC) lose their pluripotency.

Defining stem cell types: ESC, ASC, and iPS . C V ALVAREZ and others R91
(Evans & Kaufman 1981, Martin 1981). Although there
was heterogeneity among the resulting colonies, true
mESCs were resistant to passage by enzymatic single-cell
dispersion and were less easily differentiated than their
companions. Other mouse 129 mESCs lines have
subsequently been obtained, albeit with technical
difficulties. However, mESCs from strains other than
129 and rat ESCs (rESCs) with full pluripotency have
continued to be very difficult to isolate.

Owing to such technical difficulties, it took more
than 10 years from the initial isolation of mESCs before
Table 2 Mechanisms that maintain pluripotency in ESCs

Expression of genes characteristic of pluripotency E

Codependence of expression of other core transcription factors to
maintain correct levels of expression (no more, no less)

E

Heterodimerization as a regulator of pluripotency genes E

Allelic switching E

Majority of genes maintained in a poised epigenetic state E

Specific repression (overmethylation) of a few specific genes E
Other epigenetic events E
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the first embryonic cell line was obtained from human
blastocysts (hESCs) in 1998 (Thomson et al. 1998). A
few other ESC lines were obtained during the following
years (Reubinoff et al. 2000); until in 2004, a new
standardized protocol using FGFCactivin (as Nodal)
was used to obtain hESCs efficiently (Cowan et al. 2004).

It has, however, become clear that these hESCs are
different from mESCs: their morphology is flatter, they
are intolerant to passage by enzymatic dispersion and
require stimulation of the FGF/TGFb/activin pathway
for growth, they are easily differentiated into progenitor
.g. OCT4, SOX2, KLF4, REX, telomerase, alkaline phosphatase,
ABCG2
.g. indirect regulation of OCT4 expression by SOX2

.g. OCT4CSOX2 heterodimer allows concurrent binding of the
two OCT4 DNA-binding domains
.g. random transcription from a single allele characteristic of
NANOG transcription in non-pluripotent cells. A change from
mono- to biallelic expression is exclusive to pluripotent ESCs
.g. general undermethylation of DNA, histones in promoters
sharing features both of activation and repression (H3K4Me3
and H3K27Me3)
.g. HLA locus, CDKN1B (p27), and RASSF1
.g. RNA variants generated through alternative splicing or
microRNAs
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germ cells, and female cells are chromosome
X inactivated (Xa/Xi). In fact, such hESCs are quite
similar to mouse EpiSCs, obtained from the epiblast
of peri-implantation (not pre-implantation) blastocysts
and grown in FGFCNodal but without LIF (see earlier
and Fig. 1; Brons et al. 2007, Tesar et al. 2007, Chou
et al. 2008, Hanna et al. 2010, Pera & Tam 2010).
Signal transduction pathways underlying

pluripotency

The technical challenges discussed earlier have led to
the ideas of potentially intrinsic species-related
differences in pluripotent ESC proliferation (mESCs
vs rESCs) and intrinsic instability of pluripotent ESCs
(hESCs and mESCs derived from strains other than
Sv129). Conversely, it has also been thought that
finding the right cell culture conditions will allow ESC
lines from any species or strain to be grown and
maintained as pluripotent.

Now, after many years of experience with ESC
culture, protocols have improved, with reagents being
defined precisely and the MEF feeder layer being shown
not to be an essential requirement. LIF/STAT3 has
been established as the key signal in maintaining ESC
pluripotency, while the FGF/MAPK/TGFb/activin
pathway has been shown to induce instability and cell
commitment and differentiation. So far, the best
promoters of pluripotency in the absence of MEF
feeders have been LIFC2i, in which LIF is combined
with two kinase inhibitors, PD0325901 (a MEK
inhibitor) and CHIR99021 (an FGFR/GSK3 inhibitor)
(Ying et al. 2008). The medium also contains a mixture
of scavengers known as N2CB27 that act as anti-
oxidants and thus resist the high atmospheric concen-
tration of oxygen present in a standard CO2 incubator
(about 20%) relative to the normal internal environ-
ment of the blastocyst (around 10%). Using these
LIFC2i conditions, pluripotent rESCs and fully plur-
ipotent or ‘naı̈ve hESCs’ (Xa/Xa, resistant to enzymatic
dispersion, stably noncommitted) have now been
obtained, demonstrating that it was not an intrinsic
species-specific difference but a lack of knowledge that
was hindering the maintenance of ESC pluripotency
(Buehr et al. 2008, Li et al. 2008, Hirabayashi et al.
2010, Kawamata & Ochiya 2010).
Markers of pluripotency in ESCs: the balance is

in the core

Much effort has been aimed at identifying the genes
that are essential to stemness. Briefly, much of our
current information has been obtained using high-
throughput technologies and a range of functional
in vivo and in vitro systems.
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A core group of four first-level transcription factors
has been defined. These four factors, OCT4 (POU5F1),
SOX2, KLF4, and NANOG, coordinate the expression
of the following groups: second-level transcription
factors (DPP3 or STELLA, REX1 or ZNF42, and
GBX2), cell surface markers (SSEA4 in humans or
SSEA1 in rodents), ABC transporters (ABCG2), and
certain enzymes (alkaline phosphatase and telomerase
TERT) (Pera & Tam 2010).

Using single-cell RNAseq, Surani’s group (Tang et al.
2010) has identified the specific set of genes common
to both the epiblast in the pre-implantation blastocyst
ICM and to ESCs growing in culture. This set of
‘pluripotency’ genes is distinct from a set of genes
common to the postimplantation ICM carrying out its
developmental program and to in vitro ESCs that have
been induced to commitment (and thus termed ‘loss of
pluripotency’ or ‘induction of differentiation’ genes).
Genes in the pluripotency set include not only OCT4,
NANOG, and SOX2 but also E-cadherin (CDH1),
estrogen-related receptor b (ESRRB), and certain
BMPs, Notch, Frizzled, and DPP4. Genes in the second
set include TGFb receptors, FGF and FGF receptors,
SOX9, some HOX genes, and VE-cadherin (Tang et al.
2010). An important concept in SC biology is that no
core transcription factor should be overexpressed with
respect to any of the others: a constant balance
maintains the cell in the ‘stem state’ of pluripotency.
Key mechanisms maintaining pluripotency

Table 2 shows a summary of the key mechanisms that
maintain pluripotency in ESCs.
Codependence

Once the importance of the balance of expression of
core transcription factors was recognized, a derivatory
concept was formulated, for which there is now
mounting evidence. Thus, regulatory regions of genes
expressed by ESCs include close binding sites of the
four essential transcription factors, which altogether
coordinate gene expression (Chambers & Tomlinson
2009). When the balance between the core transcrip-
tion factors is altered, an ESC begins to become
committed. For example, in ESCs, an increase in
FGF5 but loss of REX1 expression underlies formation
of the primitive ectoderm and mesoderm; OCT4
overexpression and/or NANOG repression induces
differentiation in the endoderm and mesoderm with
loss of potency for an ectodermal fate; SOX2 over-
expression induces neuroectoderm differentiation. On
the other hand, in ESCs, loss of OCT4 or SOX2 (SOX2
loss also leads to repression of both OCT4 and
NANOG) induces formation of XEN. Moreover, ESCs
committed to neuroectoderm are rich in SOX2 but
www.endocrinology-journals.org
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have lost expression of both OCT4 and REX1 (Niwa
et al. 2000, Mitsui et al. 2003, Kopp et al. 2008). Thus,
there is a subtle network present in ESCs, in which each
of the core transcription factors (such as OCT4 and
SOX2) represses their own transcription using classical
negative feedback, while at the same time each of the
same transcription factors, e.g. SOX2, also induces the
expression of the others in a positive feedback,
maintaining co-expression.
Heterodimerization

Another level of regulation resides in the physical
protein interactions between pairs of core transcription
factors that modulate their effects on gene expression.
This has been clearly described for OCT4 and SOX2.
OCT4 has two POU DNA binding domains, the POU
homeodomain (POUHD) and the POU specific domain
(POUS). On its own, OCT4 is able to bind DNA either
through the POUHD alone or via both POU domains.
However, when bound to SOX2 within a combined
OCT4/SOX2 DNA binding site, OCT4 can only bind
DNA in the two POU/DNA conformation because part
of the SOX2 lateral chains interacts with the POUS

domain, stabilizing its union with DNA. This has
implications for stability and duration of the transcrip-
tional activity of combinations of factors in the
regulation of SC genes as it is precisely these genes
that have DNA binding sites for OCT4 and SOX2 in
close proximity to each other (Kopp et al. 2008,
Chambers & Tomlinson 2009, Ng & Surani 2011).
Allelic switching

Recently, a new type of concentration-dependent
regulation known as ‘allelic switching’ has been
described for NANOG expression in the mouse
embryo. It is well known that the concentration of
NANOG is directly related to pluripotency (Chambers
et al. 2003), while a reduction of NANOG by half in
heterozygous ESC/K cells induces their commitment
(Hatano et al. 2005, Hough et al. 2006). Interestingly,
morula cells transcribe NANOG from a single random
allele, which thus expresses only half the dose of
NANOG. Once in the blastocyst, ICM cells with a pre-
implantation epiblast fate express NANOG biallelically
at the dose usually necessary for full pluripotency
(Miyanari & Torres-Padilla 2012). With further commit-
ment in the peri-implantation epiblast, monoallelic
expression returns. Similar bi- to mono-allelic
regulation occurs in vitro with pluripotent ESCs,
compared with those that are induced to commitment.
Strikingly, when only one allele is transcribed, either
allele can be the one to be transcribed, showing
that there is active ‘allelic switching’ rather than a
permanently repressed allele. It is not known how this
www.endocrinology-journals.org
switching is achieved, nor if it occurs in any other core
transcription factor, nor whether such mono-/bi-allelic
regulation of human NANOG is conserved in hESCs.
However, epigenetic mechanisms appear to have
been excluded.
Poised promoters

Epigenetics have also been compared between ESCs
and committed cells in relation to chromatin modi-
fications and DNA structure. DNA as a whole is
substantially undermethylated (3%) in ESCs compared
with differentiated cells (60%). In spite of this generally
unmethylated state, some genes are characteristically
repressed (over-methylated) in ESCs compared with
differentiated cells, for example, CDKN1B (p27),
RASSF1, and genes of the HLA locus. Other genes
are actively transcribed (undermethylated) in ESC,
e.g. FGFR3 and TGFBR1. In the postimplantation
embryo, an essential de novo demethylation occurs
in parallel with the developmental differentiation
program (Bibikova et al. 2008, Rada-Iglesias et al. 2011).

At the level of chromatin structure, a similar global
histone undermethylation is seen in ESCs (4 vs 10% in
differentiated cells). But the fuller picture is not as
simple. ESC promoters, for example, present histone
H3 trimethylated in the lysine 4 (H3K4Me3), charac-
teristic of actively transcribed promoters, and also H3
trimethylated in the lysine 27 (H3K27Me3), which is
characteristically a repressive chromatin marker. At its
simplest, this can be interpreted as the majority of the
genes not being actively transcribed but still ‘poised’ or
bivalently prepared for binding, either by enhancing or
repressing transcription factors. During the differen-
tiation program, loss of pluripotency induces a gradual
loss of this dual K4/K27 chromatin marker and a
corresponding gain in both sole K4 (active) and sole
K27 (repressed) genes (Guenther et al. 2010).
Other epigenetic mechanisms

Other epigenetic mechanisms such as alternative
splicing are also regulated in pluripotency. Notable
differences in transcriptional variants and microRNAs
are present in pluripotent ESCs and pre-implantation
ICM epiblast compared with non-pluripotent ESCs or
the developing ICM (Ng & Surani 2011).

The most studied epigenetically regulated locus in
SCs is the Dlk1–Dio3 locus. In the ICM and in ESCs
(as well as iPS cells – see below), this is a precisely
imprinted but very active locus. The locus is located
on chromosome 12 in mice and chromosome 14 in
humans but imprinting is well conserved. The pater-
nally inherited allele expresses three mRNA/protein
coding genes (DLK1, RTL1, and DIO3) while the
maternally inherited allele expresses various noncoding
Journal of Molecular Endocrinology (2012) 49, R89–R111
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large and small RNAs that repress the polycomb PRC2
complex (da Rocha et al. 2008). ESCs (and iPS cells)
that lose pluripotency show significantly reduced
activity of this locus, diminishing expression of the
noncoding RNAs from the maternal allele (Liu et al.
2010, Carey et al. 2011, Bilic & Izpisua Belmonte 2012).
Functional assays for ESCs that define pluripotency
in vitro and in vivo

A combination of in vitro and in vivo techniques has
been used to demonstrate pluripotency in SCs. In vitro,
ESC lines grow as round colonies of very small cells
expressing pluripotent markers (NANOG, SOX2,
OCT4, and KLF4) and showing activity for the two
enzymes telomerase and alkaline phosphatase. As
detailed earlier, a feeder layer of arrested cells is not
essential, while optimal growth is obtained with serum
and LIFC2i medium. The size and the roundness of
the colonies are two characteristics defining the degree
of pluripotency, while flatness of the colony is seen
as indicating a first step toward commitment and
differentiation.

When injected into a mouse, ESCs cause formation of
teratomas, tumors with differentiated structures arising
from any of the three primitive embryonic layers
(ectoderm, mesoderm, and endoderm). The efficiency
can vary depending on the site of injection (dorsal s.c.,
intratesticular, or i.m.). It is important to note that not
only fully pluripotent mESCs generate teratomas as
EpiSCs (activinCFGF dependent and derived from the
peri-implantation epiblast, see earlier) and non-naı̈ve
hESCs (grown in activinCFGF) also form teratomas.
However, mouse FAB-SCs, arising from the pre-implan-
tation epiblast but in the presence of FGF2, are
nullipotent and unable to give rise to teratomas.

The essential in vivo criterion of pluripotency is the
ability to generate chimeric mice. A chimera is obtained
after injecting about 10–20 ESCs into a normal
blastocyst with the derivatives of the injected cells
appearing in all organs of the neonate, including the
germ cells. Only truly pluripotent mESCs or rESCs are
able to integrate into the blastocyst and participate in
the development of chimeric animals (Buehr et al. 2008,
Pera & Tam 2010). EpiSCs and FAB-SCs are unable to
generate chimeras, demonstrating that they are not
fully pluripotent.

In vitro pluripotent mESCs are able to differentiate
when grown as an embryoid body (EB), a structure
derived from ESCs when cultured for more than 14 days
as very compact cellular aggregates in floating con-
ditions (‘hanging’ in a drop of medium cultured upside
down in a dish). EBs lose expression of pluripotent
genes and gain differentiation genes (FGF5, TGFb,
tubulin b III, nestin, and others). EBs are useful as an
in vitro model of the initial steps of implantation as
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primitive endoderm, visceral endoderm, and ectoderm
are obtained from mESCs. Commitment toward
neuroectoderm or endoderm can be achieved using
selected growth factors in the incubation medium
during EB formation. Changes in gene expression or
epigenetic events can therefore be closely monitored
(Niwa & Fujimori 2010). A novel protocol to obtain
pituitary Rathke’s pouch primordia from EB has been
recently published (Suga et al. 2011).

Alternatively, mESCs can be induced in vitro to
become committed to a range of somatic cell fates
through the use of modified media and dish coatings.
Protocols are based on the successive addition of
growth factors and hormones together with serum
or particular conditioned media for long periods
(10–15 days). Commitment is an active process in the
ESC that requires gene activation and epigenetic
chromatin modifications, such as an increase in
H3K4Me3 (Jiang et al. 2011). In general, however,
efficiency is low. Differentiated cells should be growth
arrested and express the spectrum of markers corre-
sponding to the somatic cell type. Most importantly,
they should show functionality (secretion, response
to normal feedback mechanisms, and depolarization
under the right conditions).

The search for appropriate combinations of
additive cocktails, coatings, and incubation times to
achieve effective and efficient cell differentiation is one
of the most active areas within the ESC field. In fact,
much of this research is patented (see ‘Clinical Trials’
below). While there are several protocols described
for ESC differentiation, only a few include in vivo
experiments in which the cells achieve normal somatic
cell functionality and tumor generation is studied.

One of the first studies to achieve these goals
obtained insulin-secreting b cells from mESCs – albeit
with low efficiency and little short-term functionality
in vivo (Soria et al. 2000, Lumelsky et al. 2001). mESCs
have also been converted into a variety of neuronal cell
types, but not without the worst side effect of malignant
tumor formation at the site of injection. Tumor
occurrence has been inversely related to the degree of
commitment of the cells before injection (Bjorklund
et al. 2002, Erdo et al. 2003). Protocols have now been
improved to the point of being able to direct
differentiation toward specific glial (see ‘Clinical Trials’
below) or neuronal subtypes that maintain function-
ality when injected into the chicken spinal cord
(Peljto et al. 2010).

As ESCs proliferate rapidly, they might become a
major source for SC therapy in patients with organ
failure, in which broad-spectrum regeneration is
needed. As an example, it is estimated that effectively
replacing a diabetic endocrine pancreas requires one
million islets; this is the equivalent of about two billion
functionally active b cells that are more easily obtained
www.endocrinology-journals.org
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than islets (Holland et al. 2009). However, a low
differentiation efficiency would reduce the rate of
success and potentially increase unwanted side effects
from using ESCs.

In summary, ESCs are derived from pre-implantation
epiblasts and maintain pluripotency using a core group
of transcription factors that are themselves regulated
by mechanisms such as codependent expression,
co-binding to promoters, and allelic switch regulation,
as well as epigenetic events such as undermethylation
of DNA or chromatin fingerprinting of poised
promoters (Table 2). ESCs lines grow very fast. Much
current research is aimed at growing ESC lines
while maintaining cell pluripotency. At the same time,
efficient commitment and differentiation protocols
will be key to the clinical application of ESCs to
human therapeutics.
Adult SCs

ASCs are postnatal derivatives of ESCs located through-
out the body. ASCs maintain co-expression of at least
three of the four transcription factors characteristic
of ESCs (OCT4, KLF4, and SOX2) and show high
expression of ABC transporters and alkaline phos-
phatase. It is not clear whether they spontaneously
express telomerase. In common with ESCs, but unlike
differentiated somatic cells, ASCs overexpress inter-
mediate filament proteins (E-cadherin and vimentin)
and b-catenin (bCat) (http://www.ebi.ac.uk/gxa/).
Additionally, every organ-specific ASC expresses a set
of characteristic markers. Similar to ESCs, it is not the
overt expression of a single factor but the presence of
a balanced network among a core of stem markers
that maintains ASC characteristics.
To express or not to express: stemness as an
all-or-nothing category

ASCs have been described in many different organs, but
it is not yet known how many markers are common to
all ASCs or which are organ specific. One area of debate
is whether populations of ASCs each expressing
different sets of genes may coexist in the same organ.
Some ASC markers are also expressed by differentiated
somatic cells, although with different levels of
expression, and not in a coordinated manner with
respect to core stem factors. As an illustration of the
complexity of our current understanding, we will
discuss nestin and CD133.

Nestin is an intermediate filament protein. Inter-
mediate filaments comprise a family of over 50 genes
divided into six groups (I–VI) according to sequence
homology. Nestin belongs to group VI. Intermediate
filaments are responsible for supporting the weight of
www.endocrinology-journals.org
the cell nucleus and distributing mechanical stress
through multiple connections with the plasma mem-
brane and to neighboring cells or the extracellular
matrix. Such plasma membrane junctions resist ten-
sions generated by the stretching of cells making up
each tissue, and in response each cell adapts its
intermediate filaments to its particular shape and size.
Thus, the expression of one or other intermediate
filament type can be said to define the cell type. Nestin
was originally discovered in the rat spinal cord. It is
expressed by neural precursors and by both glia and
neurons during embryonic development. In adults,
neural SCs and their nonterminally differentiated
derivatives continue to express nestin. Nestin is,
however, expressed during embryonic development by
many other cell progenitors including non-ectodermal
pancreatic and muscle precursors. Moreover, in adults,
nestin-positive cells have been found in the same
locations as ASCs. It is currently believed that nestin is
the quintessential marker of mesenchymal SCs (MSCs),
one of the principal types of ASC (Mendez-Ferrer et al.
2008). In the CNS, nestin is also believed to be
associated with cells ‘activated to proliferate’ (stem,
progenitor, or activated cells in neural tissue under
repair; Gilyarov 2008).

CD133 (prominin 1, product of the PROM1 gene)
is a transmembrane protein essential for retinal
development. Mutations in this gene give rise to
macular degeneration in the human eye. CD133 is
expressed not only by ASCs but also by photoreceptors
and many adult epithelial and glial cells, in which it
is localized to the plasma membrane of cellular
protrusions. Thus, in polarized cells, it is seen in the
microvilli of the apical side, and in many cell types,
it is associated with the membrane of the primary
cilium, an immotile sensory cilium present in all cells
(Karbanova et al. 2008).

In common with nestin, CD133, and many other
genes, such as the ABC transporters (ABCG2), what
characterizes an ASC is not the expression of any one
marker at high levels but the coordinated expression
of a set of markers including a core of pluripotency
transcription factors that together define the precise
type of SC. Just as for ESCs, future studies of ASCs need
to focus on sets of markers.
The ASC niche: MSCs and parenchymal SCs

ASCs can be divided into so-called ‘parenchymal’
– generating new somatic nonconnective tissues – and
MSCs, which generate new somatic connective tissue
cells such as fibroblasts, adipocytes, chondrocytes,
osteoblasts, smooth muscle cells, and probably skeletal
muscle satellite cells. MSCs have been characterized
by many markers depending on their location. Among
these, expression of CD271 with or without CD146
Journal of Molecular Endocrinology (2012) 49, R89–R111
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has been described in bone marrow MSCs and CD29
and CD105 in subcutaneous and peritoneal fat MSCs
(Zapata 2012).

While MSCs are extensively distributed, parenchymal
ASCs aggregate in the organs in a structure called the
niche. In this niche, ASCs are maintained in quiescence
or at a low basal rate of division, while being protected,
nurtured, and supported by MSCs (Fig. 2). The niche
does not exist during embryonic development when
most if not all cells are proliferating intensively while at
the same time becoming committed. The niche receives
a specific neural sympathetic (e.g. adrenergic in bone
marrow) and vascular (CD31 or PECAMC) supply.
When the blood in these capillaries becomes depleted of
oxygen, Wnt ligands are released inducing a response
that mobilizes ASCs through bCat activation (see below).

Niche MSCs express nestin and secrete factors that
regulate proliferation, retention, or mobilization of
ASCs. In the bone marrow niche, MSCs also express
b adrenergic receptor 3, angiopoietin 1, and the
chemokine CXCL12, while hematopoietic SCs (HSCs)
express CXCR4, one of the CXCL12 receptors.
Circadian adrenergic activity drives recruitment of
HSCs from the niche by reducing expression of the
cytokine CXCL12 by MSCs (Katayama et al. 2006, Lucas
et al. 2008, Mendez-Ferrer et al. 2008, 2010), and this is
the first demonstration of the CNS regulating a
peripheral niche via the peripheral nervous system.
Interestingly, G-GSF, a factor widely used in bone
marrow transplantation, also activates recruitment and
mobilization of HSCs toward the peripheral blood
supply by sympathetic activation.
Figure 2 The adult SC niche. ASCs are organized in a compact
structure supported by MSCs and receiving specific nervous
(sympathetic) and vascular support. ASCs maintain a basal slow
proliferative rate that neutrally drives the cells either to remain in
the niche or become converted into progenitors and leave the
niche. Randomly occurring factors such as proximity to cytokines
might decide ASC fate through symmetric or asymmetric
divisions.
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ASCs are much more difficult to study than ESCs,
as physiologically they are maintained in a nearly
arrested or slowly proliferating state in the organs.
Attempts to grow ASCs in vitro require them to divide,
which is contrary to their most intrinsic feature of
quiescence. The current prevailing view is that in vivo
ASCs eventually enter into symmetric division at a
constant but very slow rate (Cheshier et al. 1999,
Snippert et al. 2010).

A very interesting regulatory mechanism in the
mouse skin niche has recently been proposed, whereby
SCs are transiently activated when each new cycle
commences in a hair follicle. ASCs generate progeni-
tors that leave the niche, proliferate, and slowly
differentiate to produce a new hair. However, a few
committed progenitors migrate back to the niche,
situating themselves near the SCs. In the presence of
the returned cells, the resident SCs are resistant to
activation, as though their threshold had been
increased (Hsu et al. 2011). This is similar to the
classical ‘negative feedback’ mechanism described in
endocrinology and mediated by hormones and other
factors, but in the ASC niche, it would appear to be
effected out by the cells themselves.
Markers of ASCs: common to all or tissue specific?

Table 3 summarizes markers described to date for ASCs
characteristic of each organ.
Symmetric or asymmetric division?

To date, the prevalent model of steady-state niche
regulation has been the ‘hierarchical model’, in which
the number of ASCs in the niche is maintained through
symmetric division – one mother ASC gives rise to two
daughter ASCs. When recruited for activation, an ASC
enters into asymmetric division, giving rise to one
daughter ASC and one daughter progenitor cell (PRC).
Although the molecular mechanisms underlying the
transition to PRC are not fully understood for every
niche, the trigger is thought to be a subtle alteration in
the balance of ASC markers. PRCs actively proliferate
and maintain expression of some SC markers but are
restricted in pluripotency. After proliferation, PRCs
ultimately differentiate into somatic cells. It is assumed
that the number of divisions of a PRC before it becomes
determined varies between organs and/or tissues. For
example, in bone marrow, it is high but in endocrine
organs it would be low.

A mechanism associated with the hierarchical model
is that of asymmetric divisions in the niche presenting
nonrandom DNA strand segregation. This so-called
‘immortal hypothesis’ postulates that in ASCs, DNA
synthesis produces an ‘immortal’ strand. The original
www.endocrinology-journals.org



Table 3 ASC markers

Hematopoietic stem cells (HSCs) 0.005% of BM CD150C/cKITC/SCA1C/CD244-neg/CD48-neg/LIN-neg/nestin-neg
Less pluripotent progenitors: CD150-neg/CD244C/CD48-neg
Committed progenitors: CD150-neg/CD244-neg/CD48C (Kiel et al. 2005)

Mesenchymal stem cells (MSCs) NestinC, CD271C/CD146 and CD146C, CD29, CD105
Some markers differ according to tissue of origin
Can be located either individually or as the non-parenchymal part of the ASC niche

(Zapata 2012)
Muscle stem cells (MuSCs) Previously known as satellite cells

Stemness: PAX3C/PAX7C and microRNA-489C (Dek receptor downregulation)
Myocyte committed progenitors: MyoDC/Myf5C/MyostatinC and DekC (Rando

2005, Relaix et al. 2005, Cheung et al. 2012)
Small intestine stem cells LGR5Chigh/SOX2Chigh/SOX9Clow

BMICother stem population or different functional state of the same stem population?
Committed enteroendocrine precursors: SOX9Chigh (Barker et al. 2007, Sangiorgi &

Capecchi 2008, Formeister et al. 2009)
Liver and pancreas stem cell A common stem cell for both organs under discussion

Differentiated hepatocytes have capacity for self-renewal
Liver stem cell: SOX9C
Pancreas stem cell: exocrine, ductal, and endocrine populations proposed. Also, a

common ductal ASC for all tissues has been proposed
Other hypotheses do not involve stem cells but self-renewal of committed precursors,

e.g. NGN3C-islet-specific precursors (Xu et al. 2008, Burke & Tosh 2012)
Testes: progenitor germ cells (PGCs) RETC/GFRA1C/PLZC/ETV5C/BCL6BC/NANOG-neg

and OCT4low/SOX2very low/SOX9low (Alvarez CV et al. unpublished)
Sertoli cells: SOX9C-high (Meng et al. 2000, Costoya et al. 2004, Lee et al. 2007,

Oatley et al. 2007)
Skin stem cells (bulge) LGR5C/SOX9C/TCF3C (and others; Blanpain et al. 2004, Tumbar et al. 2004,

Claudinot et al. 2005, Fuchs & Horsley 2011)
Neural stem cells (NSCs) Niches in the subgranular zone of the dentate gyrus of the hippocampus, the

subventricular area of the lateral ventricles, the olfactory bulb, and the spinal cord
No consensus as to what layer within the niche constitutes the real NSC
Radial glia-like cells: SOX2C/MSH1C/BLBPC are the most probable candidates

in vivo and in vitro (Ellis et al. 2004, Merkle et al. 2007, Suh et al. 2007, Kriegstein &
Alvarez-Buylla 2009, Bonaguidi et al. 2011)

Lung stem cells (LuSCs) Many candidates proposed (p63C-basal airways cells, alveolar type II pneumocytes,
Clara cells) with repair properties after injury but expressing differentiation markers

A new population proposed in humans cKITC/SOX2C/OCT4C/KLF4C/NANOGC
with in vivo and in vitro stem properties (Rock et al. 2009, Anversa et al. 2011,
Kajstura et al. 2011)

Cardiac stem cells (CaSCs) Initial descriptions of HSC recruitment to infarction sites started a debate about putative
in situ CaSC

Fused HSC cardiomyocytes have limited capacity for self-renewal
Niches of cKITC described in human heart with in vivo and in vitro CaSC properties

(Bearzi et al. 2007, D’Amario et al. 2011)
Pituitary stem cells (GPSs) GFRA2C/GFRA3C/RETC/PROPC/SOX2C/OCT4C/KLF4C/SOX9C/PROPC/E-

Cadherin-high/bCat high
Nestin-negative
Under discussion which is the most stem cell population: SOX2C/SOX9C or SOX2C

/SOX9K (Fauquier et al. 2008, Chen et al. 2009, Garcia-Lavandeira et al. 2009,
2010, 2012, Castinetti et al. 2011)
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strand is always segregated to the daughter ASC
and serves as a template, while the daughter PRC
always receives the newly copied strand. Such a
mechanism could ensure stability of the DNA sequence,
thus preventing mutations. This hypothesis has,
however, been recently challenged by evidence using
multi-isotope mass spectrometry coupled with
microscopy to detect nucleotide-labeled DNA. Rather
than supporting the ‘immortal strand’ hypothesis, the
data show DNA strand segregation in SCs to be random
(Steinhauser et al. 2012).
www.endocrinology-journals.org
A new ‘stochastic model’ has also been recently
proposed to explain renewal in the SC niche. This new
model is a product of studies in several niches, the HSC,
the skin, the testis, and the small intestine, using in vivo
labeling of single clones of dividing SCs (Clayton et al.
2007, Kiel et al. 2007, Klein et al. 2010). In one study,
intestinal crypt SCs were labeled using random
recombination of fluorescent proteins, a so-called
rainbow cassette. After specific induction of Cre
recombinase in the SCs, singly dividing SCs were
irreversibly marked in one of four different colors.
Journal of Molecular Endocrinology (2012) 49, R89–R111
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Following the labeled cells for several weeks showed a
progression to monoclonal labeling of a whole villus,
including both its stem and derivative somatic cells
(Snippert et al. 2010). These results suggest that there is
a stochastic or unpredictable loss of some SCs, which
become converted into somatic cells and are replaced
in the niche by dividing neighbors. This model
therefore predicts a slow but continuous symmetric
division of SCs, which fortuitously generates either two
ASCs, two PRCs, or one ASC and one PRC. Such SCs
would follow ‘neutral drift’ dynamics toward differen-
tiation. Local constraints such as competition for niche
space, proximity to cytokines, ligands, or MSCs could
determine which cells retain stemness and which
become progenitors and ultimately somatic cells.
Functional assays for ASCs that define pluripotency
in vitro and in vivo

After purification, ASCs can be grown in vitro in the
absence of serum but the presence of selected growth
factors (LIF), as well as other additives such as N2
and B27, a mix of micronutrients and antioxidants,
and hormones such as retinoids, insulin, progesterone,
tri-iodothyronine (T3), and corticosterone, all at suppo-
sedly physiological concentrations. In these conditions,
ASCs grow as rounded cell spheres, sometimes even
as hollow spheres called spheroids. These spheres/
spheroids express similar SC markers to those expressed
in the niche in vivo and are negative for somatic markers.
Functional assays for alkaline phosphatase activity in vitro
are positive in pluripotent ASCs only and negative in
PRCs. Labeling the cells of the spheres with BrdU
demonstrates active proliferation. These spheres can
be passaged a few times, although they are very sensitive to
trypsin as they grow in the absence of serum.

When the spheres are attached to the dish after
addition of serum, differentiation can be induced using
an appropriate cocktail of hormones and other factors.
It is time-consuming to optimize conditions for each
type of ASC, such that in spheres they maintain
pluripotency but subsequently they can become differ-
entiated efficiently into every somatic cell type normally
present in their organ of origin. Protocols for
differentiation usually combine successive addition of
growth factors and hormones over several days. In
general, efficiency of differentiation is quite low and
appears to be random. One of the first described
protocols was conversion of pancreatic SCs into insulin-
producing b cells (Ramiya et al. 2000), while several
others have now been described.

Although generating sufficient number of ASCs by
in vitro amplification can be problematic, labeling, and
reinjecting ASCs in vivo has been informative once
enough cells are obtained. Injection sites include the
organ of origin and a model site such as under the renal
Journal of Molecular Endocrinology (2012) 49, R89–R111
capsule, where ASCs survive and differentiate. In either
case, ASCs tend to reconstruct the architecture of their
organ of origin. Injection of human ASCs (hASCs) into
immunodepressed mice or rats (immunocompromised
strains or treated with cyclosporine) has demonstrated
their capacity to generate the full range of different
somatic cell types present in their organ of origin and
has thus been considered to show pluripotency in
hASCs (Bearzi et al. 2007, Anversa et al. 2011, D’Amario
et al. 2011).

In summary, ASCs are more difficult to study than
ESCs, and, accordingly, we have less knowledge of their
physiology. Although we still lack evidence for several
niches, it seems plausible that ASCs will have a balanced
set of markers in common, such as SOX2, OCT4, KLF4,
LGR5, SOX9, and perhaps cKIT or NANOG. It is also
clear that ASCs express specific markers depending on
niche location. Current consensus is that the life of
ASCs in the niche follows a stochastic model of slow
basal proliferation and neutral drift toward commit-
ment and differentiation.
Induced pluripotent SCs

The cellular plasticity hypothesis proposes that just
as a pluripotent cell becomes committed and differ-
entiates into a somatic cell, it can also be converted back
into a SC. Many experiments have been performed to
try to demonstrate this ability to ‘turn back’.
Somatic cell nuclear transfer

The first technique developed was somatic cell nuclear
transfer (SCNT). The nucleus of a differentiated
somatic cell is introduced into an enucleated oocyte,
which retains in the cytoplasm all the tools necessary for
reprogramming the nucleus. After stimulation, the
composite cell is transformed into an ESC, which
undergoes embryonic development. Some cloned
animals were obtained in this way, starting famously
with ‘Dolly’ the sheep (Wilmut et al. 1997). SCNT
aims to produce large quantities of SCs, sufficient
for effective cell therapy, and using the nucleus
from one of the patient’s own cells to avoid the
problem of autoimmunity.

However, SCNT has significant theoretical and
methodological weaknesses as well as a lack of
underlying molecular biological knowledge. First, in
the reprogrammed cell, mitochondria are always
derived from the oocyte. Secondly, the process is very
inefficient, suggesting that the reprogrammed somatic
chromatin is subjected to high stress. Thirdly, the
molecular epigenetic pathways underlying this repro-
gramming are largely unknown, making it hard either
to optimize the method or to ameliorate unwanted side
www.endocrinology-journals.org
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effects such as premature aging in the resulting
organism. Indeed, to date, there have been no ESC
lines generated using this technique. One line that had
been thought to be generated had to be retracted after
it was shown to have originated by parthenogenesis of
the recipient oocyte rather than by reprogramming of
the somatic nucleus, using a methodology now
considered not have adequate controls (Hwang et al.
2005, Kennedy 2006, DeWitt 2007).

Although scientifically considered to be very difficult,
SCNT has also raised fears of human cloning in the
future and is therefore subject to serious legal
constraints. Several groups continue to work with
SCNT, due to its potential to resolve simultaneously
three fundamental problems in cell therapy: obtaining
enough cells (embryonic cells proliferate more
rapidly), immunotolerance (the somatic nucleus
comes from the patient), and ethical concerns about
harvesting embryos (an oocyte is more acceptable).
Reprogramming

The second strategy in somatic cell reprogramming has
been transfection with candidate genes. In a famous
report by Takahashi and Yamanaka 2006, expression of
a combination of four genes, OCT4, KLF4, SOX2, and
cMYC, was sufficient to reprogram mouse skin fibroblasts
and obtain iPS cells (Takahashi & Yamanaka 2006).
Subsequently, cMyc was omitted as its contribution was
found to comprise only accelerating proliferation.
Human iPS (hiPS) cells were obtained immediately
after using LIN28 as the fourth gene (Takahashi et al.
2007, Yu et al. 2007).

To generate a fully pluripotential mouse iPS cell line
able to generate chimeric mice, another gene, NANOG,
has also been shown to be essential. iPS cells thus
obtained have been combined with a donor normal
blastocyst and the mice born have cells of both origins
in their organs (Okita et al. 2007). Fully reprogrammed
mice have also been obtained using ‘tetraploid
complementation’, in which iPS cells are injected into
an altered blastocyst derived from cell fusion at the two-
cell stage. Tetraploid blastocysts are unable to develop
into embryos but can form extraembryonic tissues.
The obtainment of embryos after injection of iPS cells
into a tetraploid blastocyst therefore demonstrates that
iPS cells are as pluripotent as ESCs (Ohi et al. 2011).

One drawback of this methodology is that integration
and expression of the four genes necessary to initiate
reprogramming is not always stable using viral
infection in somatic cells. Techniques such as transient
plasmid expression and even transit protein delivery
have successfully achieved reprogramming and active
iPS cell division (Okita et al. 2008, Zhou et al. 2009).
However, such nonintegrative techniques are inefficient
at generating iPS cells.
www.endocrinology-journals.org
There have also been extensive efforts to elucidate
the molecular events underlying reprogramming.
These have revealed, first, that an essential requirement
is the expression and activity of telomerase (Marion
et al. 2009a). Secondly, we now know that all somatic
cells have a p53 ‘Rubicon’ that normally prevents
differentiation from being reversed. Reprogramming
needs to cross this molecular impasse by getting rid of
p53 (Hong et al. 2009, Marion et al. 2009b). Based on
this latter finding, a third method of obtaining iPS cells
has recently been proposed. Using an animal episomal
vector that does not integrate with DNA but remains
stably replicating within the nucleus, the method also
downregulates p53 by means of a p53shRNA and
increases efficiency with LIN28 and NMyc (avoiding
unwanted side effects of cMYC; Okita et al. 2011).
Instability of iPS cells: intrinsic or technically
soluble?

At the same time as generating such a wealth of
functional data, the first signs that iPS cells are not as
untransformed as first postulated have begun to appear.
In Yamanaka’s initial 2007 report of chimeric mice
obtained after iPS cell injection, 20% of the offspring
developed tumors (Okita et al. 2007). This was attributed
to a side effect of cMyc. However, while protocols have
now replaced cMyc with NMyc, it appears that the
underlying cause could be that rapidly dividing iPS cells
are not very accurate about stably maintaining their DNA.

hiPS cells have been compared with naı̈ve hESCs both
in terms of gene expression and epigenetic chromatin
structure (poised promoters: methylations in lysine 4 and
27 of histone H3). Importantly, no differences have been
found with truly pluripotential iPS cells (Guenther et al.
2010). However, it seems that reprogramming is not an
all-or-nothing situation, and some properties of the
original somatic cell remain in at least some hiPS clones
(Ohi et al. 2011). Using high-throughput sequencing,
a high DNA variability has been seen in hiPS cells
obtained from a single somatic cell (Bock et al. 2011).
Moreover, hiPS cells have shown mutations that can be
either inherited from the somatic cell or arise de novo, as
well as some chromosomal aneuploidies or alterations in
gene copy-number variations, including increased copies
of oncogenes and deletions in tumor suppressors (Gore
et al. 2011, Peterson et al. 2011). In addition, hiPS cells
have generated epigenetic alterations de novo during the
reprogramming process that are characteristic of cancer
cells (Ohm et al. 2010).

Together, these findings have led to a call for quality
control in the generation of iPS cells (Blasco et al.
2011). Most experts warn that reprogramming gener-
ates a diverse range of iPS cells and recommend
selecting only the cell that best matches all criteria
after reprogramming. Cloning and amplifying a single
Journal of Molecular Endocrinology (2012) 49, R89–R111
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‘truly pluripotent’ iPS cell should reduce heterogeneity
and even prevent the unwanted side effects of using
altered cells for therapy.

A battery of tests are therefore currently being
standardized, in order to distinguish ‘the good’ iPS
cells from the ‘altered’ ones. Similar to ESCs (see
earlier), the DLK1–DIO3 locus is imprinted in iPS cells.
Pluripotent naı̈ve iPS cells also maintain the high
activity of this locus producing many noncoding RNAs
from the maternal allele, whereas altered iPS cells show
reduced expression. The status of this locus is therefore
one of the validation tests to be passed for any iPS cell
to be used in human therapy (Liu et al. 2010, Carey et al.
2011, Bilic & Izpisua Belmonte 2012). Other tests
include expression of cell surface markers or alkaline
phosphatase (see below, Baker (2012)).
iPS cells as models of disease

There are also several advantages to using hiPS cells.
First, they have already been obtained from every human
somatic tissue. Secondly, hiPS cells have been obtained
from patients affected by incurable diseases, providing
an in vitro model in which to study these diseases and to
test drugs. In monogenetic diseases, pathologic hiPS
cells can be submitted to gene therapy and re-differ-
entiation for future use in cell therapy. Among the first
diseases studied were QT syndrome (mutation of the
potassium channel KCNQ1), Leopard syndrome
(mutation of the PTPN11 gene encoding SHP2 phos-
phatase), and the genomic imprinting disorders Angel-
man syndrome (loss of UBE3A gene) and Prader–Willis
syndrome (of unknown origin) (Chamberlain et al. 2010,
Moretti et al. 2010). Subsequently, hiPS cells from other
diseases have also been isolated.

In summary, iPS cells constitute a great achievement
as they demonstrate that we understand animal cell
biology well enough that, with the appropriate tools, we
can reverse what previously seemed to be an irreversible
process, that of somatic cell differentiation. The further
study of hiPS cells will improve our understanding
of several diseases and lead to the development of
therapies. However, the reprogramming process itself
alters many cells, limiting its use. Future studies
will probably be aimed at the use of new generation
‘haute couture’ artificial nucleases, either zinc-finger
ZNF or TALE nucleases (see below), to replace very
precisely the diseased gene with a gene in optimal
condition without alteration of other chromatin sites
(Hockemeyer et al. 2009, 2011).
A brief note on CSCs

Cells with functional properties and markers similar to
physiological SCs have been found among the broad
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cell spectrum in solid cancers and leukemias. Such cells
are resistant to many therapies due to their small size,
slow rate of division, and high expression of ABC
transporters, as well as expression of telomerase and
key SC genes (e.g. SOX2) but not differentiation
markers. Cells with these characteristics are considered
true CSCs.

The initial and attractive hypothesis was that CSCs
were altered/mutated ASCs, or SCs that had become
cancerous. However, little evidence has been found to
support that idea. Conceptually, too, a slow rate of
division in ASCs is thought to preclude the accumu-
lation of mutations that give rise to CSCs. Today, CSCs
are viewed as those cancer cells that have adopted the
most beneficial properties of SCs (small size, slower rate
of proliferation, and markers) and have additionally
downregulated p53 and generated their own niche,
which protects them from the rest of the internal
environment (Borovski et al. 2011). As a result, CSCs are
resistant to insults such as chemotherapy and radiation
that normally kill other rapidly proliferating tumor
cells. The description of each tissue- and tumor-specific
CSC is far beyond the scope of this review.
Role of bCat in SCs, commitment, and
differentiation

bCat is a well conserved gene (CTNNB1), driving the
expression of an intracellular protein with two very
different proposed functions, one as a transcription
factor and the other in cell adhesion. Human bCat
protein homology is 99% with the mouse (Musmusculus),
97% with zebrafish (Danio rerio), and 67% with the
fruit fly (Drosophila melanogaster) (http://www.ncbi.nlm.
nih.gov/homologene/1434). bCat contains 12 units of
the ARM domain, a domain first described in the
armadillo homolog from flies. This domain is implicated
in cytoplasmic protein–protein interactions.

bCat is expressed in many somatic cell types and
highly in epithelial cells. Importantly, both ESCs and
ASCs have a much higher level of expression than any
differentiated cell. The two functions described for
bCat are sometimes attributed to its origin from two
different intracellular pools. The first pool of bCat is
located just on the cytoplasmic side of the plasma
membrane. Here, bCat forms an important part of the
adherens junctions, together with intermediate fila-
ments (mainly E-cadherin in ESCs and ASCs), and the
actin filaments of the cell cortex. The second pool of
bCat is cytoplasmic and continuously degraded. When
its N-terminal part (Ser33) is phosphorylated by kinases
such as GSK3b bound to the complex APC/AXIN, bCat
becomes ubiquitinated and degraded. Phosphorylation
by other kinases in different residues, including serines
and threonines as well as tyrosines, leads to stabilization
www.endocrinology-journals.org
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and nuclear localization of bCat. Wnt ligands promote
this pathway by inhibition of the GSK3/APC/AXIN
complex, preventing bCat N-terminus phosphorylation
and degradation. Mutations of bCat N-terminal ser-
ines/threonines, or inactivating mutations in GSK3b or
APCs, lead to nuclear accumulation of bCat, which is
related to tumor formation.

In the nucleus, bCat interacts with transcription
factors. The most studied bCat interactors are the
TCF/LEF family, which are also activated by Wnt.
bCat/TCF dimers activate transcription in genes
presenting TCF response elements (e.g. Brachyury,
Axin, or Cdx1). There are also other transcriptional
partners that can form complexes with nuclear bCat
to activate or repress transcription. bCat seems to
participate actively in the differentiation of committed
progenitors and somatic cells. In such cells, bCat binds
to tissue-specific transcription factors, e.g. SOX17
in endoderm formation, SOX1 in neural commitment,
SF1 and DAX1 (NR0B1) in adrenal and gonadal
differentiation, PITX2 and PROP1 in pituitary develop-
ment, and PAX3 in melanocyte commitment (Human
protein reference Database, www.hprd.org; Olson et al.
2006, Kim et al. 2008).

bCat submembrane signaling through adherens
junctions seems to be essential during embryonic
development for the normal formation of epithelia in
organs such as the airways, intestines, and skin. In its
role in cell–cell adhesion, bCat is not acting as a nuclear
transcription factor, but in positioning cells within
the epithelial layer. It allows transient disruptions of the
epithelium during cell division and growth and then
returns the cells to their previous positions within
the layer.

The role of bCat in SCs is not yet clear. In ESCs and
ASCs, bCat has two apparently opposing roles: self-
renewal and maintenance of pluripotency but also
induction of commitment and differentiation. Wnt
ligands induce a strong bCat nuclear transcriptional
activity. As Wnt expression is strongly associated with
embryonic development and cell pluripotency, it seems
highly likely that nuclear bCat is also important in
the maintenance of SC properties. Within the nucleus,
bCat needs another transcription factor as a partner to
bind DNA. It has been proposed that, rather than the
transcription factor itself, it is the nuclear coactivator/
corepressor that associates with bCat and is the key
factor determining which of the two opposite roles of
bCat becomes activated. In this model, bCat would
promote pluripotency and symmetric cell division,
upregulating genes such as OCT4 and survivin, but
only when associated with the coactivator CBP (CREB
binding protein or CREBBP). bCat associated with
p300, however, would promote asymmetric cell
division and commitment through CDX2 or EPHB2
(Miyabayashi et al. 2007).
www.endocrinology-journals.org
bCat activation is regulated by oxygen concentrations
in SCs. When hypoxia (1.5% O2) is sensed in the stem
environment, Wnt-induced Hif1a activates the tran-
scription of TCF/LEF that binds bCat and activates
transcription. This pathway is conserved in ESCs and
ASCs. These data reinforce the greater importance of
the nuclear over the cytoplasmic action of bCat in SCs
(Mazumdar et al. 2010).

Recently, however, this view has been challenged,
at least for ESCs. A bCat-deficient ESC line showed
no apparent difference in self-renewal compared with
WT ESCs (Lyashenko et al. 2011). However, bCat-
negative ESCs had altered adhesion and were unable
to form neuroectoderm, mesoderm, or endoderm.
Differentiation was rescued by transfection of mutant
bCat, which had conserved cytoplasmic cell adhesion
function but was unable to migrate to the nucleus.

As mentioned earlier, the kinase GSK3 induces bCat
degradation. Although bCat is not essential, in its
absence, ESC self-renewal is decreased due to loss of
pluripotency markers such as OCT4, KLF4, and alkaline
phosphatase. As a GSK3 inhibitor (CHIR99021) is
currently used to culture ESCs (LIFC2i conditions),
the role of bCat in self-renewal of ESC lines is being
studied. Two new mechanisms of action for nuclear
bCat independent of TCF transcription have been
proposed. The first is based on the finding that in bCat-
negative ESCs, there is enhanced expression and over-
activation of the TCF3 transcription factor. As TCF3 is a
strong repressor of pluripotency genes, this alters the
co-regulating network of stemness and induces commit-
ment and differentiation. As intracellular bCat seques-
ters TCF3 from nuclear binding sites, it prevents the
repressive actions of TCF3 on the core group of
pluripotency transcription factors. Therefore, it is
proposed that ESCs require a GSK3 inhibitor in order
to maintain a pool of cytoplasmic bCat and thus
pluripotency (Wray et al. 2011). Another novel tran-
scriptional mechanism for bCat, involving OCT4, has
been proposed after studying ESCs in the absence of
GSK3b and with point mutant-active cytoplasmic bCat
(C-terminal deletion). Such cells are unable to
differentiate and have high intracellular bCat levels as
well as enhanced levels of pluripotency factors. It is
therefore proposed that bCat binds OCT4, potentiating
its transcriptional activity and enhancing pluripotency
(Kelly et al. 2011). It is not yet known whether these two
new roles of nuclear bCat independent of TCF
transcriptional binding sites might also exist in ASCs.

ASCs resident in the niche, however, show a strong
sub-membrane bCat expression. This can be seen in the
pituitary niche (Fig. 3; Garcia-Lavandeira et al. 2009,
2010, 2012) and suggests that strong adherens junc-
tions are an essential part of a lifelong niche that has
resident ASCs. If ASCs are recruited, bCat expression
would transiently become nuclear. This has been
Journal of Molecular Endocrinology (2012) 49, R89–R111
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Figure 3 The adult pituitary SC niche. ASCs in the pituitary are aligned in a compact
manner at the border between the anterior and intermediate lobes. They co-express bCat
and factors of the GFRa/RET family (A), Prop1 and SC factors (B), and are therefore
known as GPS. Cells are strongly attached by cytokeratins and bCat (C). When purified
using the cell surfacemarker GFRa2 and grown in the absence of serum, these ASCs form
spheres that maintain expression of the membrane receptor GFRa2 and transcription
factors such as Prop1 or Oct4 (D and E).
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partially demonstrated in the pituitary where activating
bCat mutations driven under the promoter of the
pituitary progenitor transcription factor Hesx1 give rise
to craniopharyngiomas (Gaston-Massuet et al. 2011).

Taken as a whole, this work suggests that bCAT
can have different functions in SCs than in differ-
entiated cells. The next challenge will be to determine
Journal of Molecular Endocrinology (2012) 49, R89–R111
whether bCat has a common role in all types of SC or
specific roles in ESCs, ASCs, committed progenitors,
differentiated somatic cells, and mutated cancer
cells. Of key importance to understanding bCat’s
mechanisms of actions will be the elucidation of when
and where its cell adhesion function (and association
with cadherins) takes precedence over its nuclear
www.endocrinology-journals.org
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transcription function and with which transcription
factor (TFC, OCT4, or tissue specific), repressor
(TCF3), or coactivator (CBP or p300) it interacts in
any given situation (Fig. 4).
Future perspectives

This last section will focus on a few aspects related to all
types of SCs that are anticipated to be important in the
near future.
Basic science: aging SCs

Many triggers for cellular aging have been proposed,
among them, the intracellular accumulation of old or
altered biomolecules such as lipids and proteins make it
impossible for the cell to maintain its normal rhythm of
Figure 4 The proposed roles of bCat. bCat is associated with
intermediate filaments on the cytosolic side of the plasma
membrane. bCat released into the cytoplasm is sequestered by
the AXIN/APC complex and phosphorylated by GSK3. This leads
to bCat degradation by proteosomes. Some extracellular factors
(e.g. Wnt) prevent regulatory bCat phosphorylation, thus allowing
its migration to the nucleus. Nuclear bCat regulates gene
expression as part of a complex with other transcription factors.
In ESCs, the bCat complex formed with activating members of the
family TCF/SRF (e.g. TCF2) activates cell division. In ESCs, bCat
also binds OCT4 to maintain cell renewal. A different mechanism
is proposed for maintenance of pluripotency. Nuclear bCat binds
the repressing member TCF3, preventing its binding to DNA and
maintaining expression of SC genes. During embryonic develop-
ment, bCat plays a major role at the plasma membrane through
adherens junctions and in combination with cadherins. Wnt
factors can also regulate sub-membrane bCat through alternative
noncanonical pathways. Postnatally, resident ASCs within the
niches show a high expression of sub-membrane bCat. Nuclear
bCat induces somatic cell commitment and differentiation by
binding to specific differentiation factors such as Sox2, Sox17, SF-
1, Pitx2, or Prop1. In progenitor/somatic cells, bCat maintains self-
renewal by binding to TCF. It seems that there are different
nuclear coactivators/corepressors for the bCat–TCF complex in
ESCs than in progenitor/somatic cells, potentially explaining its
different actions. CBP is present in ESCs while p300 is present in
progenitor/somatic cells.
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biosynthesis. While such proteotoxicity and lipotoxicity
seem a plausible explanation for nondividing neurons,
for dividing cells, there must be also some form of
‘replicative aging’. The most widely held view is that
every time a cell divides, it is more likely to pass on
accumulated DNA mutations and adverse epigenetic
events to its descendants, which in turn have the
potential for increasingly compromised function. As
SCs are the only cells that divide throughout life, it is
therefore likely that they are the main cells to age and
that their aging will have tissue and organism level aging
consequences (Liu & Rando 2011). In relation to this,
it has been proposed that fetal microchimerism, namely
the crossing of fetal SCs to the mother during pregnancy,
is a source of rejuvenation of the mother SC pools
(O’Donoghue 2006, Galofre & Davis 2007). In an
attractive hypothesis, this phenomenon would increase
the ability in women to repair tissues and organs and thus
contribute to their greater longevity. However, this has yet
to be demonstrated and a neutral and/or pathogenic
role for fetal microchimerism has also been proposed
(Klonisch & Drouin 2009, Fugazzola et al. 2011).

Some very recent experiments not only show that the
loss of proliferation associated with ageing of neural SCs
is reversible but also suggest that it could be mediated
by the endocrine system. Rando and colleagues have
studied neural SCs (NSCs) in the subgranular niche of
the dentate gyrus of the hippocampus, using parabiotic
mice of two different ages and paired for 1 month
(young–old, young–young, and old–old) (Rando 2005).
In heterochronic pairs, several interesting data were
obtained (Villeda et al. 2011). First, an increase in
proliferating NSCs was found in the old mouse, whereas
the young mouse showed a decrease compared with
control levels; isochronic pairs showed no such changes,
and glia were unchanged in all cases. Intriguingly, the
NSC changes were associated with functional alterations
in memory, with faster long-term potentiation and higher
memory test scores in the older paired mice with
increased NSC proliferation but the opposite for the
younger mice. As blood was the only shared tissue, the
experiments were repeated using injections of plasma
instead of parabiosis; similar results were obtained.
Finally, a plasma-borne cytokine CCL11 was found to be
increased in older mice and injection of this cytokine into
young mice partially reproducing the NSC arrest and
memory alterations. If such findings can be reproduced
in other niches, it will be feasible to hypothesize that the
endocrine system plays an important role in aging.
Translational science: how can sufficient numbers of
safe and stable SCs be obtained and used
therapeutically?

SC therapy requires a source of hundreds of millions of
SCs per patient. As ASCs are difficult to grow and are
Journal of Molecular Endocrinology (2012) 49, R89–R111
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not unequivocally pluripotent, ESCs were initially the
best candidate source. ESCs, however, have two serious
problems – biologically, they have tumorigenic
potential, being highly proliferative and adaptable to
different environments, while ethically they are derived
from an embryo (albeit at the very early blastocyst
stage). While the latter is not always viewed as
problematic by the patient, the emergence of iPS cells
has brought substantial new hope of making SC
therapy safer.

The discovery of genetic, epigenetic, and genomic
alterations in reprogrammed iPS cells (as described in
the previous sections) has led to a fundamental
rethinking of in vitro strategies to maintain iPS cells
in a proliferating but stable state (Blasco et al. 2011), and
several new procedures to improve efficiency of iPS
cell culture are being developed (Saha et al. 2011).
One intriguing recent discovery in the mouse has been
the importance of the stoichiometry of reprogramming
factors for the stability of iPS cells. Thus, if the
reprogramming protocol includes twice the amount of
OCT4 and KLF4 compared with SOX2 and cMYC, the
resulting iPS cells are genetic and epigenetically stable
and fully pluripotent. Importantly, the ‘reprogrammed’
mice generated from these iPS cells do not develop
tumors, in contrast to those derived using the original
protocol with 1:1:1:1 stoichiometry (Carey et al. 2011).

Using mRNA profiling, karyotyping, or whole-
genome sequencing, good-quality iPS cells are readily
distinguished. A new and very active current focus is the
development of live-cell staining to detect unaltered but
fully reprogrammed iPS cells, worthy of amplification
and study, from the plethora of colonies. The technique
must not perturb cell viability (as do labeling with anti-
Tra1-60 antibodies and in vivo alkaline phosphatase
staining; Baker 2012). Others propose to gather hiPS
cells in registered banks for submission to a stringent
set of tests of ‘terminal differentiation’ and to validate
for human use only those that pass the tests (Boulting
et al. 2011).

New strategies to reprogram somatic fibroblasts
directly into the differentiated cell type required by
an individual patient are also being tested, in order
to obviate the need for iPS cells and subsequent
redifferentiation. In a recent report, a combination of
six reprogramming factors was able to directly convert
mouse fibroblasts into dopaminergic neurons. In vivo,
these artificial neurons were integrated in the brain
and had functionality (Kim et al. 2011). There is also
excitement surrounding the potential application of zinc-
finger-tailored ZNF and TALE nucleases, which can
replace altered genes within the genome of a patient’s
iPS cells (Hockemeyer et al. 2009, 2011). Chosen as the
‘Method of 2011’ by Nature Methods, this individually
tailored approach makes gene therapy seem less a
dream and more a reality (McMahon et al. 2011).
Journal of Molecular Endocrinology (2012) 49, R89–R111
Clinical aspects: immunity, tolerance, and graft

rejection

In 2002, the encouraging discovery that ASCs
appeared to be immunotolerant was made. Mouse
cardiac progenitor cells expressing GFP were injected
into rats and directly observed in the weeks following
their incorporation into the myocardium (Saito et al.
2002). Mouse iPS cells and ESCs, by contrast, have
been found to be immunogenic, generating T-cell-
mediated immunity and tissue damage after injection
into an allogenic mouse strain. Worse still, iPS cells
reprogrammed with viral or episome vectors have also
elicited an immune response when introduced into
their own syngenic strains, due to the residual foreign
proteins they express following the reprogramming
process. ESCs, at least, have been found not to be
immunogenic when introduced into a syngenic strain
(Zhao et al. 2011).

MSCs are well known for their acute anti-inflam-
matory properties in vivo, both in syngenic animal
models and after autotransplantation in humans.
They are recruited to the inflammatory area and seem
to exert their beneficial effect by reducing proliferation
and activation of cytotoxic T, B, and natural killer cells
as well as antigen-presenting cells such as dendritic
cells and macrophages. MSCs, moreover, induce regu-
latory T-cells that modulate the immune response
(Corcione et al. 2006, English et al. 2008, Spaggiari
et al. 2008, Uccelli et al. 2008, Ghannam et al. 2010).
Some MSC anti-inflammatory properties are known
to be mediated by cell–cell contact-induced pathways
(Duffy et al. 2011). Owing to their immunomodulatory
properties, MSCs have been proposed as a therapeutic
agent in autoimmune and host-vs-graft disease.
However, few clinical trials, addressing either auto-
logous or allogeneic MSCs, or with sufficient numbers
of patients, have been conducted (Zapata 2012).

Recently, however, the concept of MSC immuno-
modulation has been challenged. In adult rats, MSCs
injected into allogenic animals were clearly immuno-
genic, causing T-cells to release IFNg and TNF that
destroyed the MSCs (Liu et al. 2011, Schu et al. 2012).
If validated in other systems, these data could leave
ASCs as the only SC type that induces allogenic
immunotolerance. Taken together, therefore, the
data seem to indicate that when using MSC or ESC
derivatives, only autotranplants will be safe. Clearly,
the immunogenicity/tolerance properties of each
different type of SC will need to be elucidated before
SCs can be considered for widespread application
in cell therapy requiring allogenic sources of cells.
In the meantime, other benefits that should be
considered include recruitment of the patient’s own
MSCs to inflammatory sites as a potential therapy in
cancer (see below).
www.endocrinology-journals.org
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Clinical trials using cell therapy

Many of the early studies using autologous SC injections
in patients did not have adequate controls or were not
double-blinded. The current scenario is very different,
with about 3400 controlled clinical trials registered as
‘Cell Therapy’ in the NIH database (http://clinical-
trials.gov/). Of these, nearly 1900 have now finished,
although only some 125 have presented their results.
Many of these clinical studies are phase I trials relating
to safety issues and many use autologous bone marrow-
purified populations. A few hundred are using MSCs,
although none has yet formally presented their results;
some trials are using skin derivatives grown in vitro.
Currently, !50 trials are endocrinology related, of
which all are using cell therapy in diabetic patients but
none have yet presented their results.

Success of cell therapy in patients need not
necessarily be directly due to cell regeneration from
the injected SCs but instead to reduction of cell damage
or improvement of tissue repair by indirect
mechanisms. These could include control of inflam-
mation, immunosuppression, secretion of growth
factors, and increased cell survival. Recently, in rats
and other animal models, partial locomotor recovery
after spinal damage has been obtained through
multiple mechanisms after SC injections (Sakai et al.
2012). In models of stroke, similar functional recovery
has been achieved after injection of MSCs into the
carotid artery or intravenously, although substantially
fewer cells incorporated into damaged brain issue via
the i.v. route (Gutierrez-Fernandez et al. 2011).

Here, we will list some of the ongoing trials, starting
with those that use ASC populations and finishing
with those using ESCs. The phase I double-blinded
SCIPIO trial (NCT00474461) investigates injection of
autologous cKITCCaSCs into the heart of a small
group of ischemic cardiomyopathy patients. While
there seem to be some improvements in cardiac
function, the number of patients is low and it is too
soon to predict ultimate usefulness for this particular
cell therapy (Bolli et al. 2011). In spinal cord and CNS
diseases, a call has been made for careful human
clinical trials detailing short-term vs long-term evalu-
ations of the patient (Snyder & Teng 2012). In spinal
cord injury, the NCT01321333 phase I trial is studying
purified NSCs (HuCNS-SC), while NCT01490242 is
using autologous bone marrow MSCs. In amyotrophic
lateral sclerosis, the NCT01348451 trial uses spinally
derived SCs and NCT01494480 uses fetal umbilical
cord-derived MSCs. A different approach is used by
NCT01151124, where a proprietary Myc-ER viral
immortalized neural SC line is being used to improve
sequelae in stroke patients. There are three ongoing
phase I trials using ESCs, differentiated into either
retinal pigmented cells, for treating Stargardt’s Macular
www.endocrinology-journals.org
Dystrophy (NCT01469832) and age-related macular
degeneration (NCT01344993), or oligodendrocytes for
treatment of traumatic spinal cord lesion
(NCT01217008, GRNOPC). However, the abrupt clo-
sure of the Geron biotechnology company – said to be
due to economical rather than scientific reasons – has
suddenly attenuated the high expectations that
GRNOPC ESC derivatives had raised. The trial will
remain active with respect to following up patients
already injected.

Concerns about safety in all these trials have
increased since early reports of donor-derived leukemia
after bone marrow transplants and one case of multiple
neural tumors in the spinal cauda equina and
brainstem meninges arising 5 years after repeated
transplantation of fetal neural precursors (Greaves
2006, Amariglio et al. 2009). It has therefore been
proposed that cells used in therapy should have an
inherent trigger for destruction if necessary, and a
modified inactive caspase 9 transgene has recently been
introduced into human T-cells. This protein is fused to
an FK protein domain and needs access to a small-
molecule drug to dimerize and become active, inducing
apoptosis. The modified T-cells have been injected into
five leukemia patients who previously received a
matched isotypic bone marrow transplant and have
been detected and found to be functionally active in
peripheral blood. Indeed, when four of these patients
developed graft-vs-host disease, as expected in many
transplant patients, a single injection of the dimerizing
drug was enough to control the disease and prevent its
recurrence (Di Stasi et al. 2011).

It will be challenging to integrate cell therapy into
routine hospital procedures. An example of this has
been seen recently in a simple clinical trial using MSCs
to treat perianal fistulas that are resistant to other forms
of treatment. The initial study with a small group of
patients in a single hospital was very promising
(Garcia-Olmo et al. 2005). However, in the phase II
study (NCT00999115), significant variability in outcome
has been seen; this has been attributed to the enrollment
of surgeons from several hospitals who each injected the
cells (prepared in a single lead hospital) in a slightly
different manner. It is important to remember that
biological therapy is dynamic and multi-faceted, and not
following the exact procedure for any one aspect, such
as handling cell vials, can lead to significant variation
in results (Garcia-Olmo, personal communication).

Finally, cell therapies are not applicable exclusively to
regeneration but can also be useful in cancer. A recent
study used an oncolytic virus, an adenovirus bearing
mutated oncogenes that specifically arrests and kills
cancer cells, to transduce autologous MSCs, which were
then injected into four children with grade IV
neuroblastoma resistant to therapy. MSCs were
recruited and migrated into the tumor. In one of the
Journal of Molecular Endocrinology (2012) 49, R89–R111
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young patients, the virus destroyed enough tumor cells
to generate a CD8 cytotoxic response, the tumor
disappeared and the patient was free of the disease
(Garcia-Castro et al. 2010). Improving oncolytic viruses
and adjusting the doses of injected MSCs could
therefore have potential as be an alternative therapy
in some advanced cancers in the future.
Ethical and legal aspects of SCs: efficiency,
safety, and patents

The use of SCs raises ethical concerns for two principal
reasons: the source of the ESCs is an embryo and
necessitates its destruction and pluripotent SCs (ESCs
and iPS cells) might be used to clone human beings.
Both reasons have been discussed at length with a
mixture of religious, political, and scientific arguments.
It is therefore understandable that moral and ethical
principles have guided the design of specific legislation
in this topic.

Under the general directives of the European
Community (EC), each country has its own laws,
leading to a degree of uncertainty within the inter-
national scientific community as to the detailed
procedures that may or may not be carried out in any
particular collaborative project. Legislation affects not
only clinical and basic research but also specifically
SC-related biotechnology. In November 2011, the full
Chamber of the European Court of Justice agreed on
the interpretation of Directive 98/44/EC, establishing
the non-patentability of ESC derivatives used in
applications outside the embryo (Case-law of the
Court of Justice-JUDGMENT OF THE COURT
(Grand Chamber). 18 October 2011 (*)) and therefore
of direct relevance to ESC lines used for research
and ultimately cell therapy. This decision has led to
a heated debate between scientists, industries, patients,
and lawyers, each of whom are economically
affected by the decision. It therefore remains to be
seen whether the decision will slow investigation or
simply change the way in which the results of SC
research are legally registered.

As a guide for both patients and scientists, the EC
runs the EuroStemCell internet site, which gathers
information about ethical concerns, research projects,
and clinical trials (http://www.eurostemcell.org/fact-
sheet/embyronic-stem-cell-research-ethical-dilemma).
The International Society for Stem Cell Research
(ISSCR) has a specific section on ethical issues
and guidelines for the clinical application of SCs
(http://www.isscr.org/Ethics_and_Stem_Cells/2911.
htm). In the USA, the National Academies and NIH
also have specific websites with guidelines for
research using SCs and to address patients’ concerns
Journal of Molecular Endocrinology (2012) 49, R89–R111
(http://www.nap.edu/catalog.php?record_idZ11278;
http://stemcells.nih.gov/info/ethics.asp).

However, while basic and clinical research has been
regulated and is strictly monitored, the use of
autologous cell injections of more or less purified
populations of HSCs or MSCs in patients in private
clinics is not controlled. Not only have such treatments
not been subjected to a double-blinded clinical trial but
they are unlikely to be as it is considered unprofessional
to charge the patient for something s/he does not
individually receive. The current explosion in private
SC therapy is a source of worry to scientists owing to
the ineffectiveness and potential danger of treatment
with untested therapies and, furthermore, the negative
effect on public opinion of SC research in general
that an adverse outcome would inevitably cause
(Cyranoski 2012).

To conclude, we are in a new era of SC therapy in
which its true efficacy will be tested. It will still be many
years before we can accurately evaluate the results of
SC therapies already carried out and assess which
therapy is most appropriate or how it should be further
adapted for any particular disease. But it can clearly be
seen that considerable progress is being made toward
understanding the potential of several types of SC, both
biologically and therapeutically.
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