Leukemia (2011) 25, 1095–1102
& 2011 Macmillan Publishers Limited All rights reserved 0887-6924/11
www.nature.com/leu

CONCISE REVIEW
Stem cell self-renewal: lessons from bone marrow, gut and iPS toward clinical
applications
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The hematopoietic stem cell (HSC) is the prototype organregenerating stem cell (SC), and by far the most studied type
of SC in the body. Currently, HSC-based therapy is the only
routinely used SC therapy; however, advances in the field of
embryonic SCs and induced pluripotent SCs may change this
situation. Interest into in vitro generation of HSCs, including
signals for HSC expansion and differentiation from these more
primitive SCs, as well as advances in other organ-specific SCs,
in particular the intestine, provide promising new applications
for SC therapies. Here, we review the basic principles of
different SC systems, and on the basis of the experience with
HSC-based SC therapy, provide recommendations for clinical
application of emerging SC technologies.
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Similar niches for adult SCs exist in the gastrointestinal tract,
muscle and skin.4–12
With the recent focus on embryonic SCs (ESCs) and induced
pluripotent SCs (iPSCs), interest into in vitro generation of HSCs,
including signals for HSC expansion and differentiation from
these more primitive SCs, has seen a tremendous boost.13–15 As
HSC-based therapy is the only type of SC therapy routinely used,
much knowledge obtained from the clinical application of HSCs
and from genetic modification of HSCs for gene therapy
applications can be used to introduce other types of adult SC
therapies, and perhaps in the future extend this to include ESCs
and iPSCs.
At the third Wadden symposium on the Dutch Island of Texel
(27–30 June 2010), SC biologists and clinicians from various
backgrounds gathered to discuss mechanisms for self-renewal
and obstacles toward clinical application of SCs for regenerative
medicine. The review here is, in part, based on discussions held
among the authors, who were participating in this conference.

Introduction
Stem cells (SCs) can be classified as embryonic or adult,
depending on their tissue of origin. Adult SCs sustain an
established collection of mature cells over the lifetime of the
organism. Proliferation of SCs without loss of key characteristics
such as self-renewal and multilineage differentiation potential is
an important topic in SC research.1 The hematopoietic SC (HSC)
is the prototype organ-regenerating SC, and by far the most
studied type of SC in the body.2 HSCs give rise to all types
of peripheral blood cells including lymphocytes and myeloid
cells. In adult vertebrates, hematopoiesis normally occurs in the
bone marrow (BM) and requires a unique microenvironment,
referred to as the SC niche.3 In the niche, a three-dimensional
network is created by stromal tissue. Extracellular matrix
components and hematopoietic growth factors promote SC
maintenance and regulate self-renewal and differentiation.
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iPSCs: generation of ESC-like SCs from somatic cells
Pluripotent cells have the ability to differentiate into any of the
hundreds of different cell types of the body; ESCs, derived from
early (preimplantation) embryos, are generally considered the
prototype pluripotent SC, but germ cells and the epiblast of
postimplantation embryos can also give rise to pluripotent cell
lines in culture. Multipotent SCs, such as the HSCs, have a more
limited differentiation potential and are able to form only a few
different mature cell types.
ESCs are also capable of potentially unlimited self-renewal
while maintaining the potential to differentiate into derivatives
of all three germ layers (ecto-, endo- and mesoderm). Mouse
ESCs were isolated over 30 years ago and paved the way for the
isolation of human ESCs in 1998. Much of the anticipated
clinical potential surrounding human ESCs is an extrapolation
from pioneering experiments in the mouse system.
In 2006, Yamanaka and colleagues16 at the Kyoto University
reported that the introduction of genes encoding four important
SC transcription factors (Oct4, Sox2, KLF4 and c-Myc) into
adult mouse cells by retroviral transduction resulted in
reprogramming them into cells with ESC-like properties. These
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reprogrammed cells were referred to as ‘iPSC,’ for induced
pluripotent stem cells. In 2007, the Yamanaka group17 and the
laboratory of Thomson18 (Wisconsin) described the successful
genetic reprogramming of human adult cells into human iPSCs.
Such cells hold an enormous potential for disease modeling,
drug testing and eventually transplantation for regenerative
purposes.19 Thus, ESCs and iPSCs share many similarities and
are highly similar in gene expression profile and functional
properties, despite their obvious different origins, as iPSC are by
definition man made.
The expected impact of human ESCs and iPSCs in medicine
includes:
 Cell transplantation therapy that derives from the ability of
ESCs to differentiate terminally into various tissue cell types,
such as neurons, cardiac and vascular cells or blood cells.
 Insights into genetic disease when the ESCs are derived from
embryos identified in prenatal genetic diagnosis as bearing
specific genetic mutations. iPSCs can be generated from cells
taken from babies or adults of all ages with full medical
records and suffering from virtually any genetic disease,
whether simple or complex. With more than 5000 known
genetic diseases, it would appear that considerable information might be gained from using iPSCs to study them
including pathophysiology of disease, discovery of new
prognostic biomarkers and a continuous supply of afflicted
cell types for drug screening and discovery.
 Following targeted genetic modification of these cells,
genetic disease models can be created in the laboratory.
Targeted genetic modification of patient-derived iPSCs could
result in genetically repaired cells suitable for (autologous)
cell therapy, as already successfully applied to HSCs in gene
therapy for certain primary immunodeficiencies.
Particularly in the field of cardiac regeneration and the study
of cardiac disease, significant progress has been made in
deriving and characterizing cardiomyocytes from ESCs and
iPSCs.20 Although the earliest papers on the derivation of
cardiomyocytes from hESCs reported that at most 1% of the cells
in a differentiated cell culture were actually cardiomyocytes,
efficiencies under defined conditions can now reach up to
B30%.21 When combined with genetic or marker-based
selection techniques, it is now possible to obtain cultures
entirely composed of cardiomyocytes. Although the problems
associated with transplantation of these cells to the heart for
heart repair, for example, after a myocardial infarction, remain
manifold and cell therapy for the heart is very much a far future
application,21 the ability to generate these pure populations of
cardiomyocytes are actually opening up equally exciting areas
of different kinds of research in safety pharmacology and drug
discovery.22,23 Likewise, vascular endothelial cells derived from
ESCs can provide vital clues in drug target identification and
action.24
Progress in the generation of iPSCs is rapid. Although
initially g-retroviral or lentiviral vectors have been used, later
developments include lentiviral vectors that can be excised
(integration-free), other types of transposons, synthetic mRNAs,
protein delivery or pharmaceutical approaches, all aimed at
inducing the pluripotent stage (reviewed in Stadtfeld and
Hochedlinger25).
The signals responsible for reprogramming iPSCs and the selfrenewal pathways of ESCs are closely related but not identical.
Systems biology approaches have identified several important
pluripotency pathways including LIF/gp130/STAT3, BMP4/
STAT5, OCT4/Sox2, Nanog/Tcf3 and ERK and GSK3b. The
latter two differentiation signals need to be inhibited to preserve
Leukemia

pluripotency.26–29 In such approaches, gene expression profiling, miRNA profiling and measurements of alternative spliced
RNAs as well as mature proteins are all integrated into complex
computational biology approaches. Such experiments may also
shed light on the self-renewal programs of adult SCs, which
remain largely unknown and have to be different from those
of ESCs. Moreover, for clinical use these embryonic or ESC-like
engineered cells have been shown, in some cases, to
differentiate into mature functioning tissue cells,19,30–32
although many cell types derived from SCs remain immature.
The benefits of pluripotency should be evaluated against the
risks of the latter, for example, acquisition of genomic instability
on prolonged culture,33 uncontrolled growth by undifferentiated
rogue cells present in transplanted cell populations, ectopic
tissue growth and malignancies such as teratomas.
Of interest, Ratajczak and coworkers34 identified a population
of SCs in adult BM that seemed to be similar to early ESCs in
terms of morphology and marker expression and termed these
cells very small embryonic-like SCs. These cells are present in
many adult tissues, including BM, and could be harvested from
cord blood. Very small embryonic-like SCs could be a useful
source of SC for regenerative medicine applications.34–37

Adut SCs: gut versus blood
Adult tissues with a high turnover rate, such as blood, skin and
intestine, are maintained by tissue-specific SCs. Tissue SCs
themselves rarely divide, but the so-called transient amplifying
progenitor cells do, although intestinal SCs are believed to
divide rapidly, much more so than blood SCs. There is a striking
resemblance between intestine and blood SCs and differentiation pathways. In both systems, SCs are located in a specific
microenvironment referred to as niches. Here, SCs self-renew
and differentiate into rapidly dividing daughter cells (transient
amplifying cells or multilineage progenitors) that can give rise to
various different types of cells (for example, absorptive cells,
goblet cells, paneth cells and enteroendocrine cells in the gut,
red cells, platelets and the various leukocyte lineages in
peripheral blood; see Figure 1). However, gut SCs divide more
rapidly than HSCs.
Of interest, many of the pathways suggested for hematopoietic differentiation from ESCs and iPSCs are also defined in
development and differentiation of SCs in the gut, where several
morphogenic pathways, such as the Wnt, Hedgehog (Hh) and
tumor growth factor-b family, have a key role in maintaining a
homeostatic equilibrium between SCs and their differentiated
progeny. Intestinal epithelial SCs reside in crypts, where their
fate and proliferation depends on Wnt and Notch signaling.38
Differentiated cells secrete Indian Hh and signal to the
mesenchyme to induce signals such as bone morphogenetic
protein 4 and activins that negatively regulate fate and
proliferation of intestinal SCs, thus maintaining a balance
between SCs and differentiated cells.39,40 Elegant work from
the Clevers’ laboratory has shown that intestinal SCs can be
isolated using Lgr5 as a marker and can generate all intestinal
epithelial lineages in defined medium in the absence of a
niche,41 although the transplantability of such cells is not yet
clear. The epithelium thus grown in vitro shows a remarkable
growth rate and is characterized by continuous crypt expansion
by elongation and budding, a process termed crypt fissioning.
The rate of crypt fissioning is very low in the normal intestine
and occurs mainly during intestinal damage and repair (it is a
hallmark of the pathology in ulcerative colitis) or during the
formation of intestinal adenomas. Thus, perhaps the main
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Figure 1 Comparison of intestinal and hematopoietic stem cells and their progeny. In both SC systems, self-renewing stem cells give rise to
multiple cell lineages of mature cells. In between SCs and mature cells are populations of rapidly dividing progenitor cells. Intestinal stem cells
make use of their progeny as niche cells. Therefore, the anatomical restriction of the crypt allows them to form niche cells by themselves. This
seems to be a strong contrast to HSCs, which require the mesenchymal and osteoblastic niche cells. Much more complex differentiation models of
hematopoiesis have been described; however, the figure was designed to show similarities rather than point out differences.

function of the mesenchyme (or niche if there is such a thing in
the intestine) is to restrict the activity of the epithelial SCs and
prevent excessive crypt expansion. Perhaps, extrapolation of gut
SC data will prove favorable to further advance in the field of
eventual HSC generation and expansion.

Generation of HSC
Despite the vast experience with HSCs, many issues on the
biology of HSCs remain unresolved. So far, it has been not
possible to expand HSCs from adult sources without loosing
self-renewal properties. As an alternative, the generation (and
expansion) of HSCs from ESCs or from reprogramming of adult
cell-derived iPSCs has not yet been accomplished either. On the
other hand, iPSCs can be efficiently generated from the most
specialized peripheral blood cell, the T lymphocyte.42,43
However, HSCs are considered as the most useful cells for

transplantation purposes and for regenerative medicine,
compared with other blood cells that have been derived at
low frequencies from iPSCs or ESCs. Clues on how to derive true
HSCs from iPSCs or hESCs, with the ability to repopulate the
BM, may come from studies on the ontogeny of HSCs.
In recent years, much progress has been made in the understanding of the development of HSCs in the embryo. The first
wave of hematopoiesis occurs in the murine extraembryonic
yolk sac between embryonic days 7 and 8. This transient
hematopoietic system is mainly oriented to red blood cell
production.44 After the first wave of primitive erythropoiesis,
adult HSCs, functionally defined by their capacity to confer
complete, long-term and multilineage repopulation of the
hematopoietic system of adult recipient mice, are first generated
in the aorta–gonads–mesonephros region and can be detected at
the beginning of embryonic day 10.5 in the mouse.45,46 These
HSCs are located in the ventral region of the dorsal aorta, in
association with the endothelial wall.47 On the basis of this
Leukemia
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Figure 2 Use of IPS cells for correction of genetic diseases by gene-corrected stem cells. An alternative approach to viral-based gene correction is
using patient-specific iPSCs and homologous recombination, followed by forced differentiation into HSCs. Generation of true, transplantable HSCs
is still difficult to accomplish.

close proximity, it has been proposed that instead of a
hemangioblast with both hematopoietic and endothelial potential, a ‘hemogenic endothelium’ lining the ventral aorta, from
which the HSC emerge, could be the precursor of definitive
HSCs.48–50 This transdifferentiation of aortic endothelial cells to
HSCs was recently shown in the mouse embryo by real-time
confocal imaging.48 Signaling pathways that may be important
for development of HSCs include Wnt, Notch and bone
morphogenetic protein signaling and transcription factors
RUNX1(AML1), SIL/TAL and GATA.51 Manipulation of these
pathways may help in instructing an HSC fate on iPSCs. Such an
approach, using patient-specific iPSCs and homologous recombination, followed by forced differentiation into HSCs, constitutes an attractive method for gene correction of inherited
disease, avoiding the use of semi-randomly integrating vectors
with potential genotoxicity (see Figure 2).

Genetic modification of HSCs
SCs can be genetically modified to overexpress genes of interest.
This has been most extensively carried out with HSCs and has
been successfully applied to cure several types of severe
combined immunodeficiencies (SCID),52–55 a collection of
clinically severe diseases in which affected children miss
adaptive immunity because of the lack of T lymphocytes and
sometimes because of lack of B and natural killer cells. For
SCID, underlying mutations in the common g-chain (X-SCID),
Leukemia

which forms the common component of receptors for interleukin 2 (IL2), IL4, IL7, IL9, IL15 and for SCID with defective
adenosine deaminase, successful clinical trials have been
undertaken in Paris (X-SCID), London (X-SCID) and Milan
(ADA-SCID) (reviewed in Fischer et al.56). The trials for SCID-X1
have shown the clinical feasibility of introducing a therapeutic
gene into autologous CD34 þ HSCs. Both SCID-X1 trials have
been highly successful, showing long-lasting restoration of
immunity.57,58 The deficiency was restored and lymphocyte
development was no longer blocked. However, the development of leukemia has appeared as a severe adverse effect. In all
five cases (n ¼ 4 in the Paris, n ¼ 1 in the London trial), T-cell
acute lymphoblastic leukemia occurred as a direct consequence
of insertional mutagenesis by the retroviral vector used to deliver
the therapeutic gene.59–61 It is hoped that the development of
novel vectors, especially those in which the viral promoter/
enhancer sequences have been rendered inactive (self-inactivating vectors), will significantly reduce the incidence of insertional
mutagenesis. This will likely promote the safety and thus further
clinical development of cells that are genetically modified.62–65

The SC niche
The existence of a specialized niche or microenvironment that
promotes maintenance of SCs was initially proposed in 1978 by
Schofield et al.66 Already by this time it was suggested that SCs
are seen in association with other fixed-tissue cells that prevent
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SC differentiation and ensure its continuous proliferation.
However, only recently advances have been made to define
their exact location as well as the molecular mechanisms by
which they regulate HSCs. It is now clear that other types of SCs,
for instance in colon, skin or mammary gland, also reside in
niches. An interesting new prospect is that regulated competition between SCs occurs in the niches in which only the most fit
SCs survive and contribute to the pool of differentiated progeny.
Within the niche, there is a unique molecular crosstalk
between SCs and niche-constituent cells that normally maintains quiescence of SCs, but can mediate rapid activation of
SCs in response to specific stimuli such as injury. One of the
key functions of niches in adult animals is maintenance of
quiescence, and self-renewal is progressively lost on proliferation. The signals underlying these properties are complex and
include tumor growth factor-b and Wnt signals.2,67–69 For
instance, mice overexpressing the Wnt inhibitor Wif1 in niche
osteoblasts show increased extra-medullary hematopoiesis and
HSCs proliferate at the expense of self-renewal.
Another important niche signal is provided by the Hh
pathway. The Hh signaling pathway in mammals consists of
three closely related ligands, namely, Sonic Hh, Indian Hh and
Desert Hh, that can each bind to the transmembrane protein
Patched (Ptch). On ligand binding, Ptch inhibition of the positive
effector Smoothened is released and signaling is transduced
to the Gli transcription factors. Although a role for Hh in
hematopoiesis has been controversial, recent work using
Gli-deficient HSCs indicates that Hh regulates HSC and myeloid
cell proliferation and differentiation.70 In addition to Hh and
Wnt signals, other niche signals, such as Notch signals, have
recently been shown to be useful for ex vivo expansion of
umbilical cord blood human HSCs.71,72
Recently, Frenette and coworkers73 showed that mesenchymal SCs (MSCs), identified using Nestin expression, constitute
an essential HSC niche component. Nestin þ MSCs contain all
the BM fibroblastic colony-forming units. Nestin þ MSCs are
spatially associated with HSCs and adrenergic nerve fibers, and
highly express HSC maintenance genes in a manner regulated
by sympathetic input. Conditional depletion of Nestin þ cells
compromises HSC homing and maintenance in the BM. Thus,
two different types of adult SCs, HSCs and MSCs, are closely
associated in the BM SC niche.73
The design of cell therapies should thus acknowledge the
important interactions that these cells can have with the
microenvironment they home to in vivo. These interactions will
strongly influence SC behavior, for example, by regulating their
differentiation and proliferation, and thus be determinant for the
therapeutic efficacy and safety of clinical trials.

Toward clinical applications
HSCs have a long history of clinical use to treat a variety of
malignant and non-malignant diseases of the hematopoietic
system. In addition, the immunomodulatory properties of MSCs
have also been used successfully for clinical applications, most
notably in the prevention of severe graft-versus-host disease.74
Recently, MSC therapy has been successfully introduced
clinically for a variety of indications. MSCs may be applied for
their regenerative potential, that is, their ability to differentiate
into bone and cartilage. Perhaps the most promising clinical
application, however, might relate to their ability to modulate
auto- and allo-immune responses. Encouraging results have
been reported for the treatment of graft-versus-host disease
following allogeneic SC transplantation and the treatment of

fistels associated with Crohn’s disease.74 Sixty to eighty percent
of patients with refractory acute graft-versus-host disease have
responded to MSC therapy, although other effects have been
moderate or non-homogeneous, or remain to be elucidated.
Further clinical application of both adult and ESCs or iPSCs, or
otherwise genetically modified versions of MSCs and HSCs
require a number of critical steps:
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(1) Use disease-specific animal models to first test mechanisms
of efficacy and also possible toxicity. Animal experiments
will always be difficult to extrapolate to humans because of
intrinsic differences in physiology and pathology.
(2) Test efficacy and safety using human cells in certain model
systems in vitro and in vivo, such as immunodeficient mice.
For gene therapy, gene-corrected patient cells are preferred
as target cells in such models. Nevertheless, even the use of
human cells in immunodeficient mice has limitations, as a
model for human cells in humans.
(3) As much as possible standardize protocols and scale-up
production of these cells, allowing testing of safety and
efficacy as a pharmaceutical product, taking into account
that these often autologous and custom-made therapeutic
cells will differ from donor to donor and also between
patients and healthy individuals.
(4) Conduct proper clinical trails with clearly defined end
points, starting with the usual phase I and II studies with
rigorous comparison of responding and non-responding
patients (both in product qualities and in patient parameters
before and after therapy) and eventually aiming for
randomized clinical trials as a final goal.
The earliest methods for the induction of iPSCs relied on the use
of viral vectors, which are associated with risks of insertional
mutagenesis and transgene reactivation. These are still the most
robust technologies that are being used in the multiple core
production facilities established in many universities worldwide.
However, numerous alternative methods for inducing pluripotency, which do not use gene insertion or effectively excise
the reprogramming cassettes, have been reported, which should
make it possible to bypass some of the safety concerns.
However, others will still remain, such as the long-term
karyotypic stability, appropriate localization of SC in the organs
and potential for cancerous transformation.
Another concern with future SC therapies is that trials are
inevitably costly, while the classical randomized clinical trial
form, because of the thousands of permutations possible in
isolation of cells, their manipulation, administration, patient
categories and so on, represent an additional hurdle. Development of these therapies should therefore be considered within
the consortia, in connection to major/large clinical pharmaceutical companies, acknowledging that these custom-made (‘not
off the shelf’) products are a challenge to develop commercially
or extensive government/not for profit support will be needed for
such trials to proceed and for the eventual official (Food and
Drug Administration, European Medicines Agency) registration
of such therapies.
There are a number of other issues that we would like to
mention here that affect the advance toward the clinical and SC
therapies in chronic or acute disease. (Table 1: Recommendations). These include:
First, the hype associated with the field of SC therapy as a
whole, in part resulting from sensational reporting by the lay
press, but also in part resulting from some scientists seeking the
non-scientific media to report small steps as ‘breakthroughs’.
Related to this are the numerous claims from mala fide SC
clinics (‘stem cell cowboys’, ‘stem cell tourism’) offering (for
Leukemia
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Table 1

Recommendations for knowledge dissemination and clinical application of experimental stem cell therapies

1 Avoid stem cell hypes. Claims should be based on solid scientific facts and clinical findings
2 Define standardized protocols for derivation, isolation, expansion, potential genetic modification and differentiation of stem cells. Rigorously
established procedures that are reproducible on clearly defined cell types are essential
3 Free exchange of reagents and cells at an international level
4 Improve preclinical assays and biomarkers to assess potency and potential toxicity of stem cell products
5 Be restrictive in the use of patents. It is good to protect very specific intellectual property, but broad claims or not pursuing patents may hamper
progress

instance on the Internet) SC treatments with claims of therapy
not based on any scientific proof of efficacy. This further
underscores the need for scientists to conduct appropriate
experiments, especially in these highly experimental therapeutic
settings. Making the distinction between ‘experimental treatment’ and ‘unproven therapy’ very clear for patients and their
families is an essential responsibility of every physician.
Moreover, scientists should clarify and provide realistic time
lines for future therapies, when possible, to their supporters and
sponsors, taking into account the fact that it will take more time
than one might think to enter clinical trials (for example, it took
20 years after their discovery for monoclonal antibodies to have
any clinical applications), and some diseases (for example,
Alzheimer, multiple sclerosis and so on) may never be treatable
by SCs. Scientists and physicians in the field should not be
tempted to capitalize on the present hype and even more
importantly on the benevolence of society and patient support
groups. This will eventually reflect poorly on the field as a
whole, as unmet promise can lead to pressure on first inhuman
studies that could lead to serious adverse events, from
worsening of the condition to fatalities through the ‘rush into
the clinic’.
Second, standardized protocols are highly important. Many
different types of adult SCs have been reported, sometimes
derived from a single laboratory, without independent confirmation by other laboratories. Standardized protocols for isolation
and propagation of the cells, used with strict molecular and
phenotypic definition of such cells, represent a critical issue.
Third, it follows that free exchange of reagents and cells
is required. This should be done at an international level,
preferentially in the context of international collaborations, such
as in the EU framework programs. Exchange of scientists
between different laboratories will also help.
Fourth, novel preclinical assays and biomarkers need to be
developed to better predict the potency and potential toxicity of
SC products.
Fifth, following the standardized international protocols,
guidelines for clinical practices should preferentially also be
developed. Thus, international harmonization of guidelines for
the SC therapeutics is needed in the European Union, United
States, Asia and Australia.
Finally, the (mis)use of patents is of concern. Although
protection of intellectual property is important for attracting
venture capital and commercialization of ideas, it may also
hamper progress by discouraging new initiatives or in the worst
case ‘shelving’ of useful methods and products by companies.
In summary, the clinical use of HSCs and MSCs has taught a
great deal about how to progress with the use of these types of
SCs beyond their traditional applications and set the stage for
clinical use of other types of adult SCs and also of ESCs, very
small embryonic-like cellss and iPSCs. The in vitro generation of
HSCs, including signals for HSC expansion and differentiation
from these more primitive SCs, as well as advances in other
organ-specific SCs, in particular the intestine, provide promising
Leukemia

new applications for SC therapies, including applications
traditionally covered by hematological and immunological
applications. The recent successful use of adult eye SCs for
vision disorders is a good example of how solid basic
experimentation followed by translational and clinical science
application can successfully lead to novel therapies, while
avoiding the hype of overambitious claims.

Conflict of interest
The authors declare no conflict of interest.

Acknowledgements
We thank Amber Gunthardt for excellent organizational skills and
Veruli Illustrations for assistance with visual art.

References
1 Pera MF, Tam PP. Extrinsic regulation of pluripotent stem cells.
Nature 2010; 465: 713–720.
2 Blank U, Karlsson G, Karlsson S. Signaling pathways governing
stem-cell fate. Blood 2008; 111: 492–503.
3 Wilson A, Trumpp A. Bone-marrow haematopoietic-stem-cell
niches. Nat Rev Immunol 2006; 6: 93–106.
4 Issigonis M, Tulina N, de Cuevas M, Brawley C, Sandler L, Matunis E.
JAK-STAT signal inhibition regulates competition in the Drosophila
testis stem cell niche. Science 2009; 326: 153–156.
5 Fellous TG, Islam S, Tadrous PJ, Elia G, Kocher HM, Bhattacharya S
et al. Locating the stem cell niche and tracing hepatocyte lineages
in human liver. Hepatology 2009; 49: 1655–1663.
6 Zhang J, Li L. Stem cell niche: microenvironment and beyond.
J Biol Chem 2008; 283: 9499–9503.
7 Peerani R, Rao BM, Bauwens C, Yin T, Wood GA, Nagy A et al.
Niche-mediated control of human embryonic stem cell
self-renewal and differentiation. EMBO J 2007; 26: 4744–4755.
8 Conover JC, Notti RQ. The neural stem cell niche. Cell Tissue Res
2008; 331: 211–224.
9 Nemeth MJ, Bodine DM. Regulation of hematopoiesis and the
hematopoietic stem cell niche by Wnt signaling pathways. Cell Res
2007; 17: 746–758.
10 Yen TH, Wright NA. The gastrointestinal tract stem cell niche.
Stem Cell Rev 2006; 2: 203–212.
11 Theise ND. The stem cell niche and tissue biology. Stem Cell Rev
2006; 2: 169–170.
12 Ninkovic J, Gotz M. Signaling in adult neurogenesis: from stem
cell niche to neuronal networks. Curr Opin Neurobiol 2007; 17:
338–344.
13 Grigoriadis AE, Kennedy M, Bozec A, Brunton F, Stenbeck G, Park
IH et al. Directed differentiation of hematopoietic precursors and
functional osteoclasts from human ES and iPS cells. Blood 2010;
115: 2769–2776.
14 Nakayama M. Homologous recombination in human iPS and ES
cells for use in gene correction therapy. Drug Discov Today 2010;
15: 198–202.
15 Smith KP, Luong MX, Stein GS. Pluripotency: toward a gold
standard for human ES and iPS cells. J Cell Physiol 2009; 220: 21–29.

Toward clinical application of novel stem cells
FJT Staal et al

1101
16 Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors.
Cell 2006; 126: 663–676.
17 Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T,
Tomoda K et al. Induction of pluripotent stem cells from adult
human fibroblasts by defined factors. Cell 2007; 131: 861–872.
18 Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane
JL, Tian S et al. Induced pluripotent stem cell lines derived from
human somatic cells. Science 2007; 318: 1917–1920.
19 Hanna J, Wernig M, Markoulaki S, Sun CW, Meissner A,
Cassady JP et al. Treatment of sickle cell anemia mouse model
with iPS cells generated from autologous skin. Science 2007; 318:
1920–1923.
20 Laflamme MA, Chen KY, Naumova AV, Muskheli V, Fugate JA,
Dupras SK et al. Cardiomyocytes derived from human embryonic
stem cells in pro-survival factors enhance function of infarcted rat
hearts. Nat Biotechnol 2007; 25: 1015–1024.
21 Passier R, van Laake LW, Mummery CL. Stem-cell-based therapy
and lessons from the heart. Nature 2008; 453: 322–329.
22 Braam SR, Mummery CL. Human stem cell models for predictive
cardiac safety pharmacology. Stem Cell Res 2010; 4: 155–156.
23 Freund C, Mummery CL. Prospects for pluripotent stem cellderived cardiomyocytes in cardiac cell therapy and as disease
models. J Cell Biochem 2009; 107: 592–599.
24 Lebrin F, Srun S, Raymond K, Martin S, van den Brink S, Freitas C
et al. Thalidomide stimulates vessel maturation and reduces
epistaxis in individuals with hereditary hemorrhagic telangiectasia.
Nat Med 2010; 16: 420–428.
25 Stadtfeld M, Hochedlinger K. Induced pluripotency: history,
mechanisms, and applications. Genes Dev 2010; 24: 2239–2263.
26 Lemischka IR, Pritsker M. Alternative splicing increases complexity
of stem cell transcriptome. Cell Cycle 2006; 5: 347–351.
27 MacArthur BD, Ma’ayan A, Lemischka IR. Toward stem cell
systems biology: from molecules to networks and landscapes.
Cold Spring Harb Symp Quant Biol 2008; 73: 211–215.
28 Macarthur BD, Ma’ayan A, Lemischka IR. Systems biology of stem
cell fate and cellular reprogramming. Nat Rev Mol Cell Biol 2009;
10: 672–681.
29 Pritsker M, Doniger TT, Kramer LC, Westcot SE, Lemischka IR.
Diversification of stem cell molecular repertoire by alternative
splicing. Proc Natl Acad Sci USA 2005; 102: 14290–14295.
30 Okita K, Nakagawa M, Hyenjong H, Ichisaka T, Yamanaka S.
Generation of mouse induced pluripotent stem cells without viral
vectors. Science 2008; 322: 949–953.
31 Stadtfeld M, Nagaya M, Utikal J, Weir G, Hochedlinger K. Induced
pluripotent stem cells generated without viral integration. Science
2008; 322: 945–949.
32 Yu J, Hu K, Smuga-Otto K, Tian S, Stewart R, Slukvin II et al.
Human induced pluripotent stem cells free of vector and transgene
sequences. Science 2009; 324: 797–801.
33 Mayshar Y, Ben-David U, Lavon N, Biancotti JC, Yakir B, Clark AT
et al. Identification and classification of chromosomal aberrations
in human induced pluripotent stem cells. Cell Stem Cell 2010; 7:
521–531.
34 Kucia M, Reca R, Campbell FR, Zuba-Surma E, Majka M,
Ratajczak J et al. A population of very small embryonic-like
(VSEL) CXCR4(+)SSEA-1(+)Oct-4+ stem cells identified in adult
bone marrow. Leukemia 2006; 20: 857–869.
35 Kucia M, Wysoczynski M, Ratajczak J, Ratajczak MZ. Identification of very small embryonic like (VSEL) stem cells in bone
marrow. Cell Tissue Res 2008; 331: 125–134.
36 Ratajczak MZ, Shin DM, Ratajczak J, Kucia M, Bartke A. A novel
insight into aging: are there pluripotent very small embryonic-like
stem cells (VSELs) in adult tissues overtime depleted in an Igf-1dependent manner? Aging (Albany NY) 2010; 2: 875–883.
37 Shin DM, Liu R, Klich I, Wu W, Ratajczak J, Kucia M et al.
Molecular signature of adult bone marrow-purified very small
embryonic-like stem cells supports their developmental epiblast/
germ line origin. Leukemia 2010; 24: 1450–1461.
38 Barker N, van de Wetering M, Clevers H. The intestinal stem cell.
Genes Dev 2008; 22: 1856–1864.
39 van Dop WA, Heijmans J, Buller NV, Snoek SA, Rosekrans SL,
Wassenberg EA et al. Loss of Indian hedgehog activates multiple
aspects of a wound healing response in the mouse intestine.
Gastroenterology 2010; 139: 1665–1676.

40 van Dop WA, Uhmann A, Wijgerde M, Sleddens-Linkels E,
Heijmans J, Offerhaus GJ et al. Depletion of the colonic epithelial
precursor cell compartment upon conditional activation of the
hedgehog pathway. Gastroenterology 2009; 136: 2195–2203.
e2191–e2197.
41 Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N,
Stange DE et al. Single Lgr5 stem cells build crypt-villus structures
in vitro without a mesenchymal niche. Nature 2009; 459:
262–265.
42 Seki T, Yuasa S, Oda M, Egashira T, Yae K, Kusumoto D et al.
Generation of induced pluripotent stem cells from human
terminally differentiated circulating T cells. Cell Stem Cell 2010;
7: 11–14.
43 Staerk J, Dawlaty MM, Gao Q, Maetzel D, Hanna J, Sommer CA
et al. Reprogramming of human peripheral blood cells to induced
pluripotent stem cells. Cell Stem Cell 2010; 7: 20–24.
44 Dzierzak E. Opening act in a hematopoietic program. Blood 2009;
114: 229–230.
45 Medvinsky A, Dzierzak E. Definitive hematopoiesis is autonomously initiated by the AGM region. Cell 1996; 86: 897–906.
46 Cumano A, Dieterlen-Lievre F, Godin I. Lymphoid potential,
probed before circulation in mouse, is restricted to caudal
intraembryonic splanchnopleura. Cell 1996; 86: 907–916.
47 de Bruijn MF, Ma X, Robin C, Ottersbach K, Sanchez MJ, Dzierzak E.
Hematopoietic stem cells localize to the endothelial cell layer in
the midgestation mouse aorta. Immunity 2002; 16: 673–683.
48 Boisset JC, van Cappellen W, Andrieu-Soler C, Galjart N, Dzierzak E,
Robin C. In vivo imaging of haematopoietic cells emerging from
the mouse aortic endothelium. Nature 2010; 464: 116–120.
49 Kissa K, Herbomel P. Blood stem cells emerge from aortic
endothelium by a novel type of cell transition. Nature 2010;
464: 112–115.
50 Bertrand JY, Chi NC, Santoso B, Teng S, Stainier DY, Traver D.
Haematopoietic stem cells derive directly from aortic endothelium
during development. Nature 2010; 464: 108–111.
51 Chen MJ, Yokomizo T, Zeigler BM, Dzierzak E, Speck NA. Runx1
is required for the endothelial to haematopoietic cell transition but
not thereafter. Nature 2009; 457: 887–891.
52 Aiuti A. Advances in gene therapy for ADA-deficient SCID.
Curr Opin Mol Ther 2002; 4: 515–522.
53 Hacein-Bey S, Gross F, Nusbaum P, Yvon E, Fischer A, CavazzanaCalvo M. Gene therapy of X-linked severe combined immunologic
deficiency (SCID-X1). Pathol Biol (Paris) 2001; 49: 57–66.
54 Kohn DB, Sadelain M, Glorioso JC. Occurrence of leukaemia
following gene therapy of X-linked SCID. Nat Rev Cancer 2003; 3:
477–488.
55 Pike-Overzet K, van der Burg M, Wagemaker G, van Dongen JJ,
Staal FJ. New insights and unresolved issues regarding insertional
mutagenesis in X-linked SCID gene therapy. Mol Ther 2007; 15:
1910–1916.
56 Fischer A, Hacein-Bey-Abina S, Cavazzana-Calvo M. 20 years of
gene therapy for SCID. Nat Immunol 2010; 11: 457–460.
57 Cavazzana-Calvo M, Hacein-Bey S, de Saint Basile G, Gross F,
Yvon E, Nusbaum P et al. Gene therapy of human severe
combined immunodeficiency (SCID)-X1 disease. Science 2000;
288: 669–672.
58 Gaspar HB, Parsley KL, Howe S, King D, Gilmour KC, Sinclair J
et al. Gene therapy of X-linked severe combined immunodeficiency by use of a pseudotyped gammaretroviral vector. Lancet
2004; 364: 2181–2187.
59 Deichmann A, Hacein-Bey-Abina S, Schmidt M, Garrigue A,
Brugman MH, Hu J et al. Vector integration is nonrandom and
clustered and influences the fate of lymphopoiesis in SCID-X1
gene therapy. J Clin Invest 2007; 117: 2225–2232.
60 Howe SJ, Mansour MR, Schwarzwaelder K, Bartholomae C,
Hubank M, Kempski H et al. Insertional mutagenesis
combined with acquired somatic mutations causes leukemogenesis following gene therapy of SCID-X1 patients. J Clin Invest 2008;
118: 3143–3150.
61 Schwarzwaelder K, Howe SJ, Schmidt M, Brugman MH,
Deichmann A, Glimm H et al. Gammaretrovirus-mediated
correction of SCID-X1 is associated with skewed vector integration
site distribution in vivo. J Clin Invest 2007; 117: 2241–2249.
62 Montini E, Cesana D, Schmidt M, Sanvito F, Bartholomae CC,
Ranzani M et al. The genotoxic potential of retroviral vectors is
Leukemia

Toward clinical application of novel stem cells
FJT Staal et al

1102

63

64
65
66
67

68

Leukemia

strongly modulated by vector design and integration site selection
in a mouse model of HSC gene therapy. J Clin Invest 2009; 119:
964–975.
Modlich U, Navarro S, Zychlinski D, Maetzig T, Knoess S,
Brugman MH et al. Insertional transformation of hematopoietic
cells by self-inactivating lentiviral and gammaretroviral vectors.
Mol Ther 2009; 17: 1919–1928.
Modlich U, Schambach A, Brugman MH, Wicke DC, Knoess S,
Li Z et al. Leukemia induction after a single retroviral vector
insertion in Evi1 or Prdm16. Leukemia 2008; 22: 1519–1528.
Staal FJ, Pike-Overzet K, Ng YY, van Dongen JJ. Sola dosis facit
venenum. Leukemia in gene therapy trials: a question of vectors,
inserts and dosage? Leukemia 2008; 22: 1849–1852.
Schofield R. The relationship between the spleen colony-forming
cell and the haemopoietic stem cell. Blood Cells 1978; 4: 7–25.
Fleming HE, Janzen V, Lo Celso C, Guo J, Leahy KM, Kronenberg
HM et al. Wnt signaling in the niche enforces hematopoietic stem
cell quiescence and is necessary to preserve self-renewal in vivo.
Cell Stem Cell 2008; 2: 274–283.
Luis TC, Naber BA, Fibbe WE, van Dongen JJ, Staal FJ. Wnt3a
nonredundantly controls hematopoietic stem cell function and its
deficiency results in complete absence of canonical Wnt signaling.
Blood 2010; 116: 496–497.

69 Luis TC, Weerkamp F, Naber BA, Baert MR, de Haas EF, Nikolic T
et al. Wnt3a deficiency irreversibly impairs hematopoietic stem
cell self-renewal and leads to defects in progenitor cell differentiation. Blood 2009; 113: 546–554.
70 Merchant A, Joseph G, Wang Q, Brennan S, Matsui W. Gli1
regulates the proliferation and differentiation of HSCs and myeloid
progenitors. Blood 2010; 115: 2391–2396.
71 Delaney C, Heimfeld S, Brashem-Stein C, Voorhies H, Manger RL,
Bernstein ID. Notch-mediated expansion of human cord blood
progenitor cells capable of rapid myeloid reconstitution. Nat Med
2010; 16: 232–236.
72 Himburg HA, Muramoto GG, Daher P, Meadows SK, Russell JL,
Doan P et al. Pleiotrophin regulates the expansion and
regeneration of hematopoietic stem cells. Nat Med 2010; 16:
475–482.
73 Mendez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR,
Macarthur BD, Lira SA et al. Mesenchymal and haematopoietic
stem cells form a unique bone marrow niche. Nature 2010; 466:
829–834.
74 Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis I et al.
Mesenchymal stem cells for treatment of steroid-resistant, severe,
acute graft-versus-host disease: a phase II study. Lancet 2008; 371:
1579–1586.

